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Abstract
For the commercial success of polymer - multiwalled carbon nanotube (MWNT) com-
posites the production of these materials on industrial scale by melt processing is of
significant importance. The complete dispersion of primary MWNT agglomerates in a
polymer melt is difficult to achieve, making it an important and challenging technolog-
ical problem. Hence, it is necessary to understand the process of MWNT agglomerate
dispersion in a polymer melt.
Based on an intensive literature research on mechanisms and influencing factors on
dispersion of other agglomerated nanostructured fillers (e.g. carbon black), the main
dispersion steps were evaluated and investigated concerning the agglomerated MWNT.
Consequently, systematic investigations were performed to study the effect of the melt
infiltration on MWNT agglomerate dispersion and to analyse the corresponding main
dispersion mechanisms, namely rupture and erosion. The states of MWNT agglomer-
ate dispersion were assessed by quantifying the agglomerate area ratio and particle size
distribution using image analysis of optical transmission micrographs. Additionally,
the composite’s electrical resistivity was determined. In the prevailing study, polycar-
bonates (PC) varying in molecular weight were used to produce composites containing
1 wt% MWNT (Baytubes R© C150HP) as model systems and a discontinuous micro-
compounder was applied as melt mixing device. The agglomerate structure of the used
MWNT material made them especially suitable for the reported investigations.
The step of melt infiltration into the primary nanotube agglomerates plays a crucial
role for their dispersion in the PC melt. During melt mixing when low shear rates
were applied, better state of MWNT dispersion was obtained in high viscosity matrices
because applied shear stresses were high. On the contrary, if high shear rates were
applied, similar states of MWNT dispersion were obtained in low and high viscosity
matrices although significantly lower shear stresses were applied in the low viscosity
matrix as compared to the high viscosity matrix. The results indicate that if the applied
shear stress values are compared, with increasing matrix viscosity the agglomerate
dispersion gets worsen. This is attributed to the fact that low viscosity matrices can
infiltrate relatively faster than high viscosity matrices into the agglomerate making
them weaker and reducing the agglomerate strength. Thus, at sufficient shear rates
MWNT agglomerates disperse relatively faster in low viscosity matrix. This illustrates
a balance between the counteracting effects of viscosity on agglomerate infiltration
and agglomerate dispersion.
Additionally, the effect of matrix molecular weight on the size of un-dispersed
MWNT agglomerates was investigated. Under similar conditions of applied shear
stress, the composites based on low molecular weight matrix showed smaller sized
un-dispersed primary agglomerates as compared to composites with higher molecular
weight matrices. This again highlights the role of matrix infiltration as the first step of
dispersion.
Following the step of melt infiltration, agglomerate size gets reduced due to the
dispersion mechanisms. To analyse the corresponding contributions of different dis-
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persion mechanisms (rupture and erosion), the kinetics of MWNT agglomerate disper-
sion was investigated. If high mixing speeds are employed dispersion is quite fast and
needs less time as compared to low mixing speed. A model is proposed to estimate the
fractions of rupture and erosion mechanisms during agglomerate dispersion based on
the kinetic study in the discontinuous mixer. Under the employed experimental con-
ditions, at high mixing speeds, the dispersion was found to be governed by rupture
dominant mechanism, whereas at low mixing speeds the dispersion was controlled by
both mechanisms.
As far as electrical resistivity is concerned, for a given content of MWNT as the
state of dispersion improves, the resistivity values decrease significantly but only up to
a plateau value. The composites produced using low viscosity matrices have lower re-
sistivity values as compared to high viscosity matrices. Additionally, composites were
prepared using additives, whereas the additives were found to be useful for improving
filler dispersion and electrical conductivity.
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Abbreviations
AFM Atomic force microscopy
CB Carbon black
CNF Carbon nanofibres
CNT Carbon nanotubes
EPDM Ethylene propylene diene monomer rubber
HDPE High-density polyethylene
LDPE Low-density polyethylene
MWNT Multiwalled carbon nanotubes
OM Optical microscopy
PA 11 Polyamide 11
PA 12 Polyamide 12
PA 6 Polyamide 6
PC Polycarbonate
PDMS Polydimethylsiloxane
PE Polyethylene
PEEK Polyether ether ketone
PEK Polyether ketone
PET Polyethylene terephthalate
PMMA Poly(methyl methacrylate)
PP Polypropylene
PS Polystyrene
SAXS Small angle X-ray scattering
SBR Styrene butadiene rubber
SEBS styrene-ethylene/butylene-styrene
SEM Scanning electron microscopy
SWNT Single walled carbon nanotubes
TEM Transmission electron microscopy
TGA Thermogravimetric analysis
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Symbols
A Agglomerate area ratio
A0 Agglomerate area ratio at a reference condition
AX Agglomerate area ratio at a certain mixing speed
At or A(t) Agglomerate area ratio after mixing time t
a Diameter of particles forming the agglomerates
D Inter particle distance
F Adhesive forces (or Van der Waals forces)
H Hamaker’s constant
k Constant of proportionality (or coordination number of
particles)
L Length of the particle
N Mixing speed (rotations per minute or per second)
R Radius of the particle
t Mixing time
δ Screw clearance with the barrel
 Porosity of agglomerates
γ˙ Applied shear rate
σ Agglomerate strength
τ Torque
τapplied Applied shear stress
τcohesive Cohesive strength of the agglomerates
η Melt viscosity
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1 Introduction
1.1 Polymer MWNT composites: potential
applications and challenges
The idea of combining different materials to produce composite products with supe-
rior properties has benefited mankind since ages. Such composite materials always
generated curiosity and interest all over the world due to their tremendous applica-
tions. Polymer composites are those materials, which consist of a matrix polymer as
a first component, filled with a second component often called as filler. In this form,
both matrix and filler can usually retain their individual properties, but the produced
composites have certain special characteristics, which cannot be achieved by the com-
ponents alone [1]. The first component i.e. polymeric materials are light in weight, can
be easily processed and converted into desired shapes, and useful for holding and pro-
tecting the filler material. The second component i.e. the added filler is responsible for
imparting certain characteristic for instance, mechanically reinforcing or electrically
conducting the matrix polymer.
The size and shape of such fillers are important factors that govern the properties of
polymer composites. Traditionally these fillers are micro scaled particles/aggregates
such as carbon black, calcium carbonate or fibres like Kevlar, Aramid, glass fibres etc.
The high strength to weight ratio of these composite materials made them a favourite
choice in several applications. Many of these polymer composite products are commer-
cially successful and have replaced their metallic counterparts. The discovery of nano-
sized fillers further extended the scope of polymer composite applications. Such nano-
sized fillers, having at least one dimension in the order of matrix polymer molecule,
seem to be useful for producing composites having enhanced and improved properties
in comparison to other traditional filler based composites and matrix polymer. Further
the required volume of such nanosized fillers is significantly lower as compared to
the traditional fillers. Thus, composites with significant improvement in mechanical,
thermal, gas barrier, flame retardancy and other properties are under development for
commercial applications and some of them are already available in the market. One
such material “Carbon nanotubes” (CNT) have excellent inherent properties like very
high electrical (105 - 107 S/m) and thermal (> 3000 W/m K) conductivity and very
high elastic modulus (1 - 1.7 TPa) along with very high aspect ratios (length/diameter
= ∼ 1000) [2]. These properties of CNT opened a new avenue of their applications in
polymer composites industry.
Polymer CNT composites find immense potential applications in many industries
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right from aeronautics, automobiles to microelectronics and medical implants. As
these composites are expected to have high mechanical strengths and due to their ex-
cellent antistatic properties, these composites can help to obtain fantastic surface coats.
Thus, metallic outer body parts of aeroplanes and automobiles can be replaced by plas-
tic substitutes making them much lighter. This will be beneficial for fuel saving and
thus reducing pollution. Antistatic properties can be useful for producing other auto-
mobile parts like fuel tanks, fuel lines and tubings, exterior parts etc. These composites
could be useful for several advanced electronic applications ranging from solar cells to
intelligent textiles, nano-motors, ultra capacitors, etc. Transparent and electrically con-
ductive films having stable and improved mechanical properties can be produced for
touch screens with flexible and complicated shapes. The electrically conductive poly-
mer CNT composites will make it possible to replace those conducting plastics which
are difficult to process and are environmentally unstable. Further, these composites find
several applications such as housings for EMI shielding, anti fouling paints for marine
applications, the list is quite big and deals with all-important aspects of human life.
Interestingly, to obtain the desired composite properties very less CNT loading in the
matrix polymer is usually required. As a matter of fact several sports goods produced
by polymer CNT composites such as baseball bats, hockey sticks, bicycle frames, skis,
etc. are already launched in the market.
All these potential applications catalysed the extensive research activities in the field
of materials sciences of polymer nanocomposites. The decreasing prices of CNT due to
increasing commercial production of multiwalled carbon nanotubes (MWNT) mainly
by catalytic chemical vapour deposition process (CCVD) further fuelled the research
activities. Nevertheless, to materialise the commercial success of these composite ma-
terials, it is necessary to successfully produce them on large scales. In last decades
extensive research and development has been done in the field of polymer composite
production. The technology of filler incorporation in a polymer matrix by melt process-
ing is now used on industrial scales to produce composite materials. Melt processing
of polymer CNT composites will allow the usage of already developed technologies of
polymer composite production. Further, this technology of composite manufacturing is
a fast, economic, versatile, and relatively environment friendly in comparison to other
composite production technologies like solvent casting. Melt processing extruders can
produce composites from a few kg to few tons per hour depending on their size and
market demand. These composites can then be easily moulded into desired shapes by
injection or compression moulding or by any other melt processing methods. How-
ever, achievement of the desired properties of these composites strongly depends on
the extent of CNT dispersion and distribution in polymer matrix.
The term dispersion describes the process during which the smallest dispersible unit
of agglomerate is separated from it and is mixed in host matrix system. In our case, it is
an individualized carbon nanotube in a polymer matrix. A good distribution is achieved
when all available filler/CNT is uniformly distributed in the host matrix. During melt
processing, the shear forces present inside the extruder cause dispersion and distribu-
tion of primary CNT agglomerates in the polymer matrix.
2
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In many scientific reports like [3–7] it is observed that complete dispersion of CNT
agglomerates in polymer melts is difficult. This results in the presence of un-dispersed
agglomerates in composite materials as illustrated in Fig. 1.1. The presence of such
un-dispersed MWNT agglomerates is the main difficulty in realising the full potential
of polymer MWNT composite materials.
Figure 1.1: Optical micrographs illustrating un-dispersed agglomerates in PC-1 wt% MWNT
composites produced by direct compounding
The difficulties in dispersion of CNT agglomerates in polymer melts are caused
mainly by the CNT itself. The CNT are held together by Van der Waals forces of attrac-
tion between them. The very high specific surface area of CNT (larger than 100 m2/g)
phenomenally increases the affect of Van der Waals forces. Further, CNT are entan-
gled and intertwinned with the neighbouring tubes during their synthesis. These factors
cause a high cohesive strength of the “as produced” primary CNT agglomerates and
restrict their dispersion into individualized tubes within the polymer matrix. Hence,
to produce composites free of un-dispersed primary CNT agglomerates is a difficult
task, making melt processing of these composites and understanding CNT dispersion
process a very interesting and challenging technological problem. In Fig. 1.2, the SEM
images of couple of commercially available “as produced” MWNT agglomerates are
shown. Large agglomerates consisting of substructures made up of individual CNT can
be observed. Such substructures appear to be quite packed.
1.2 Aim of this work
This Ph.D. work aims on analysing and understanding the dispersion process of MWNT
agglomerates in polymer melts during melt compounding. The steps involved in the
dispersion of MWNT agglomerates starting from agglomerates to freely distributed
tubes are illustrated in Fig. 1.3. These steps are namely, filler incorporation (in melt),
wetting and infiltration of filler (by polymer melt), followed by dispersion, distribution,
and flocculation of the filler particles in the polymer melt. In a melt mixing operation
all these steps runs parallel to each other. These steps are present in the dispersion of
all filler agglomerates and extensive investigations are reported about their presence
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Figure 1.2: SEM images (in diﬀerent magniﬁcations) of MWNT materials manufactured
by diﬀerent manufacturers: (a and b) Nanocyl NC7000, (c and d) Baytubes
C150HP.
during dispersion of fillers like carbon black, silica, calcium carbonate etc. However, it
is seldom observed in literature that the presence of such steps are used for effectively
dispersing the filler in polymer melt or on understanding the effect of these steps on
agglomerate size reduction. The steps of infiltration and dispersion (by rupture and
erosion mechanism) could be very important for size reduction. In the presented work
systematic investigations are carried out to investigate the effects of the melt infiltra-
tion on MWNT agglomerate dispersion and analysing dispersion mechanism namely
rupture and erosion.
For these, the strategy applied was to investigate the influence of variations in mate-
rial and technological parameters on dispersion and size reduction of MWNT agglom-
erates during melt processing. The variations in the material and the technological
parameters have an effect on the kinetics of the steps involved in filler dispersion. An
attempt was made to understand the observed state of agglomerate dispersion in corre-
lation to the steps involved in the filler dispersion. Most of the experiments were per-
formed using a small scale compounder. As standard materials for the investigations,
bisphenol A based polycarbonate and Baytubes R© C150HP were used. For analysing
agglomerate dispersion, optical microscopy was extensively applied and quantitative
characterization was performed using un-dispersed agglomerates area and agglomer-
ate size distribution was also determined. The results are based on a strong empirical
data making the presented work unique.
The thesis is divided into several chapters describing the existing literature and the
results of this work. Following the introductory chapter, the second chapter deals with
4
1.2 Aim of this work
Figure 1.3: Illustration of the steps involved in the process of MWNT agglomerate dispersion
during melt compounding. The focus of this work was on understanding inﬂuence
of inﬁltration and dispersion mechanism on size reduction of MWNT agglomerate
(indicated in the blue box).
fundamental aspects of filler dispersion. This chapter is based on literature review and
issues concerning factors affecting the agglomerate dispersability and the dispersion
process of agglomerates in melt are discussed. Furthermore, an overview is provided
on the various dispersion models mentioned in literature.
In the third chapter, the state of the art in producing, shaping, and characterization
of polymer filler composites is discussed. Furthermore, the analytical methods used
for analysing the state of dispersion and percolation is described. Additionally, based
on literature review an overview is provided on the influence of melt processing con-
ditions and effect of additives on the state of filler dispersion. In this chapter, although
the emphasis is given on polymer-MWNT composites, results of other polymer-filler
systems are extensively discussed wherever necessary.
In the fourth chapter, a detailed description of the materials used in this work and
the processing and characterisation techniques employed is given.
The fifth chapter decribes the results of this work. In this section, the first subchap-
ter deals with characterization of materials. Further subchapters deals with the main
results. As mentioned before, to understand how MWNT agglomerates disperse in a
polymer melt and to investigate the usefulness of the steps involved in filler dispersion,
the strategy of varying technological and material parameters during MWNT disper-
sion was applied. The electrical resistivity of the produced composite materials was
also measured. In the second subchapter, influences of variations in technological pa-
rameters during melt processing of polycarbonate MWNT composites on the state of
agglomerate dispersion and electrical resistivity are discussed. Further the effect of
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annealing on electrical resistivity of composites is reported. Additionally, based on
the results of small scale mixing experiments, some up-scaling experiments were per-
formed for producing composites using a twin screw extruder and the materials were
subsequently injection moulded.
In the third subchapter, the influence of matrix properties like melt viscosity and
molecular weight on agglomerate dispersion is described. For this three different poly-
carbonates varying in molecular weight and therefore also in melt viscosity were used.
By using same melt temperature, the effect of melt viscosity on dispersion is observed
and by tuning melt temperature in a way to have same melt viscosities, effect of molec-
ular weight on agglomerate dispersion was studied.
In the fourth subchapter, investigations concerning the agglomerate size reduction
by dispersion mechanisms, namely, rupture and erosion is discussed. For this the kinet-
ics of agglomerate dispersion in polymer melts is investigated and a model is proposed
to estimate the share of rupture and erosion mechanism during agglomerate dispersion.
In the fifth subchapter, an overview is provided on the application of additives in
manufacturing of composites. The influence of additives on filler dispersion and on
composite properties is briefly discussed.
The sixth chapter summarizes and concludes the results of this work and last but not
the least, the seventh chapter provides an outlook of this work.
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dispersion in polymer melts
2.1 Factors aﬀecting agglomerate dispersability
in a polymer melt
Dispersability is defined as the ease with which a dry powder can be dispersed in a
liquid [8]. The dispersability of an agglomerate during mixing is affected by the ag-
glomerate strength, the properties of matrix system and the applied dispersive stress.
The agglomerate strength or strength of agglomerates is generally defined as the re-
sistance of the agglomerate itself to break into smaller sized ones and individualize
into separate particles. The intrinsic matrix properties such as surface energy of melt,
molecular weight, melt viscosity, branching etc. affects the wetting and infiltration of
a melt into an agglomerate. The applied dispersive stresses on the agglomerate depend
on the employed mixing conditions and cause the breakage of filler agglomerates. In
this subchapter, some general aspects concerning agglomerate strength, wetting, and
infiltration of an agglomerate by melt, and the applied stress on agglomerates are dis-
cussed.
2.1.1 Physical aspects of agglomerate strength
Particles are the fundamental objects that form agglomerates of a given filler and their
characteristics determine the properties of filler. These particles are constituted usu-
ally of several atoms or molecules. If these particles are broken down by mechanical
energy into smaller fragments, usually they lose their characteristic properties. They
can be amorphous as in the case of carbon black (CB) or crystalline as in the case of
magnesium hydroxide (Mg(OH)2). In the course of filler synthesis, the inter particle
adhesion causes formation of filler agglomerates. In case of fillers like CB and silica,
particles are fused with each other during their production to form aggregates [9, 10],
and these aggregates form agglomerates. The filler aggregates are mechanically more
stable than the agglomerates due to some bond formation between particles. Thus, it is
usually very difficult to disperse aggregates in comparison to agglomerates.
During agglomerate formation and its growth, the adhesive forces present between
the particles play a crucial role. These forces held the particles together and are clas-
sified into three main types namely, surface and field forces, material bridges, and
interlocking [11, 12]. These forces are further sub-classified into different types and
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are schematically described in Fig. 2.1. The adhesive forces which are without any
material bridges are Van der Waals force, electrostatic force, and magnetic forces. The
force due to material bridges are observed in particles precipitated by flocculants, parti-
cles bonded with each other due to fusion, chemical bond or crystallisation or particles
partially infiltrated by liquid causing the formation of liquid bridges.
Figure 2.1: Illustration of diﬀerent types of inter particle adhesive forces [13].
The values of adhesive forces between those particles where surface and field force
or liquid bridges are present can be estimated. In dry non-metallic fillers, the Van der
Waals forces prevail predominantly between the particles. The Van der Waals forces
between spherical and cylindrical shape particles can be estimated using equations 2.1
and 2.2 (derived from [14]).
Fsphere =
−H
6D2
(
R1R2
R1 +R2
) (2.1)
Fcylinder =
−HL
8
√
2D5/2
(
R1R2
R1 +R2
)1/2 (2.2)
where, F is the Van der Waals force, H is the Hamaker constant, L is the length of
particle, R is the radius of particle, and D is the inter-particle distance.
Although the forces like Van der Waals are considered to be very weak intermolecu-
lar forces, they become quite significant at nanoscales due to the tremendous increase
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in surface area of the particles. For instance, as the particle size decreases approaching
nm range, Van der Waals forces exceed the gravitational forces by several order of
magnitude [15].
Thus, during synthesis or storage, as several particles are held by the adhesive forces,
agglomerates are formed. Such agglomerate formation can proceed in different ways
resulting in different substructures which are further classified depending on the level
of agglomeration [16]. In Fig. 2.2, a sketch illustrating particles and agglomerates of
different levels are shown. When the particles (as in Fig. 2.2a) forms the agglomerates
(as in Fig. 2.2b), such agglomerates are known as first level or primary agglomerates.
When the first level agglomerates forms the larger ones (as in Fig. 2.2c), then the larger
ones are known as second level or secondary agglomerates. The formation of first or
second level agglomerates is purely a material property and fillers in both categories
can be found [16]. Sometimes it is desired to have the formation of secondary or even
tertiary agglomerates like in coal production [17].
(a) (b) (c)
Figure 2.2: Schematic illustration of diﬀerent levels of agglomerate formation by (a) parti-
cles: (b) ﬁrst level agglomerates and (c) second level agglomerates [16].
The agglomerates during further processing and storage are subjected to further
growth in size [18] by four different possibilities. These four possibilities are namely,
coalescence of agglomerates, growth of an agglomerate due to the erosion of other ag-
glomerates, growth of an agglomerate from other broken agglomerates, and particles
or smaller agglomerates coming together with a large agglomerate.
During agglomerate formation and its growth, particle always comes in physical
contact with their neighbouring ones. The number of particles which are in physical
contact with any given particle is known as coordination number (the number of physi-
cal bonds made by a particle). Further, in between these particles some void spaces are
left which makes the agglomerates porous. Such void spaces are measured in terms
of porosity and is the fraction of total volume of voids over the total volume of ag-
glomerates. Depending on the void volume, the agglomerates are said to be loosely or
densely packed. Porosity is strongly dependent on both the particle shape and the pack-
ing method. In general, for loose random packing, porosity decreases with the increase
of sphericity and for dense random packing, it decreases to a minimum and then in-
creases with sphericity [19]. To get a rough approximation of the porosity equation 2.3
can be used.
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 = 1− ρbulk
ρparticle
(2.3)
where,  is the agglomerate porosity, ρbulk is the bulk density of agglomerates, and
ρparticle is the density of particles.
To correctly estimate the porosity and the effect of particle size on porosity has been
a matter of study from decades. For instance, Westmann and Huggill [20] reported
for spherical particles that as the particle size decreases porosity increases. White and
Walton [21] theoretically calculated that depending on the way spherical particles are
packed, the porosity varies from 47% to 26%. They stated that if the solids have con-
densed air films around them in a way that they do not come actually in contact, the
percentage of voids will go up with decreasing size of the solids, and for instance
porosity in carbon black may go up to 95%.
The inter particle adhesive forces, porosity or packing density, coordination number,
and the surface area or size of particles forming the agglomerate are important factors
that influences the cohesive strength of agglomerates. Rumpf proposed a model [22,
23] to estimate the cohesive strength of agglomerates. The model was based on certain
assumptions such as the number of bonds to be broken in the fracture region is very
high, the bonds are randomly distributed in a plane and over the directions in space, the
particles are randomly distributed in agglomerate, and all inter particle forces can be
considered in terms of a single mean effective force. For all convex shaped particles,
the agglomerate strength is given by:
σ = (1− )kF
A
(2.4)
For spherical shaped particles, above equation is modified as:
σ =
(1− )

F
a2
(2.5)
where, σ is the agglomerate strength,  is the porosity, F represents the adhesive
forces which in case of dry agglomerates are predominantly the Van der Waals forces
between the particles, a is the diameter of particles forming the agglomerates, k is the
coordination number of particles forming the agglomerate, and A is the surface area
(of particles forming agglomerates) and is 2pi*R*L (for rods).
Due to the general nature of Rumpf’s model, it is useful for estimating the agglomer-
ate strength using various types of adhesive forces. The model considers the diameter
of particles forming the agglomerate to be uniform and coordination number and bind-
ing force between them have an average value. To overcome certain disadvantages that
might arise by the usage of the equations proposed by Rumpf, several other models
were proposed in literature. Cheng (in [24] and subsequent publications) proposed a
model based on similar assumptions but taking into account the particle size distri-
bution, powder density, and the dependence of the interparticle force on the surface
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separation (due to roughness) of the particle pairs. Following equation 2.6 was pro-
posed.
σ =
3
4
t0
s¯d¯
v¯
(1− )

h (2.6)
where, σ is the agglomerate strength,  is the porosity, s¯,d¯, and v¯ are the mean
particle surface area, diameter, and volume, respectively, t0 is the effective surface
separation distance of zero tensile strength, and h is the interparticle force per unit
area.
As the equations proposed by Rumpf and Cheng consider a mean effective adhesive
force between particles, Hartley and Parfitt [25] proposed another equation considering
only the Van der Waals forces.
σ =
9
4
(d+ t)(t0 − t)
d2
(1− )

F (2.7)
where, σ is the agglomerate strength,  is the porosity, d is the diameter of the spher-
ical particles, t is apparent separation distance between particles (related to particle
diameter and powder packing density), t0 is the effective surface separation distance
of zero tensile strength; and F is the inter particle force.
However, the models proposed by Cheng and Hartley are not used often in literature
perhaps due to the difficulties involved in evaluating some of the factors.
The Rumpf model is based on the assumption that the destruction of bonds present
in a plane occurs simultaneously. In reality this might not be the case as cracks present
in the agglomerates can reduce their strength significantly. Kendal [26] suggested that
by using the Rumpf equation, the agglomerate strengths might be overestimated. He
proposed a model based on fracture mechanics where the agglomerate is viewed as an
elastic body which satisfies the Griffith energy criterion. For estimating agglomerate
strength by assuming that the filler particles always have flaws or defects, Kendal’s
model is stated as:
σ = 15.6φ4Γ5/6c Γ
1/6(dc)−1/2 (2.8)
where, σ is the agglomerate strength, d is the diameter of the spherical particles, φ is
the solid volume fraction, Γc is the fracture energy of agglomerate, Γ is the interfacial
energy between the particles forming the agglomerate, and c is the macroscopic length
of flaw through which the fracture was initiated. Another model to estimate the strength
of flocks is proposed by Sonntag and Russel [27], however the applicability of their
equation for powder solids is unclear, and hence the equation is not mentioned here.
All models proposed to calculate the agglomerate strength are based on the strong
empirical data. However, except the Rumpf equation all other equations need several
parameters which are generally fitting functions and in most of the cases these param-
eters are difficult to evaluate. For estimating agglomerate strengths applying Rumpf
equation is relatively much easier, as the required parameters are easily available.
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It is very important to note that the estimation of agglomerate strength is a distribu-
tion function as it is dependent on the mean values of adhesive forces and the particle
size. The agglomerate breakage is also probability dependent [28]. Under application
of force, agglomerates undergo elastic-plastic deformation and the breakage force is
dependent on the size of the agglomerate [29].
2.1.2 Surface tension, wetting, and inﬁltration
The surface tension of a liquid and wetting of surfaces is discussed in several text books
[30–33] and it is a part of commonly accepted standard knowledge. Nevertheless, as
surface tension of a liquid and wetting of surfaces influences the infiltration of melt in
agglomerates, it is briefly discussed here.
The cohesive forces between the molecules of the liquid are responsible for its
surface tension. A molecule present in the bulk of the liquid is pulled equally in all
direction by neighbouring molecules, resulting in a net force of zero. Whereas, the
molecules present at the surface do not have neighbouring molecules in all sides and
so will be attracted less to the neighbouring molecules as compared to the one in bulk
phase. Therefore, the energy of the surface molecule is greater than that of a similar
molecule in the bulk phase. The surface of such a pure phase will tend to contract
spontaneously, reducing the free energy of the system to a minimum. Thus, the surface
tension or interfacial tension is responsible for the shape of a liquid droplet on any
surface or another media as it minimises the surface area of the droplet.
Surface energy is the free energy change γ when the surface area of a medium is
increased by a unit area. For solids it is commonly denoted by γS and is given in units
of energy per unit area (J/m2). For liquids it is denoted by γL and is usually given in
units of tension per unit length, (N/m), which is numerically and dimensionally same
as the surface free energy. When two immiscible liquids or phases are in contact, the
free energy in expanding their interfacial area by unit area is known as their interfacial
energy or interfacial tension.
If a drop of liquid is placed on a perfectly flat and uniform solid surface, its edge
will make a contact angle θ with the solid. Fig. 2.3, illustrates three possible cases in
order of increasing attraction between the molecules of a liquid and a solid.
Figure 2.3: Diﬀerent shapes of liquid drops on a solid surface [34].
If the equilibrium tensions are resolved horizontally then
γS/V = γS/L + γL/V cosθ (2.9)
where, subscripts S, L, V refer to solid liquid and vapour phases, respectively. By
applying Dupres method to define the work of adhesion between solid and liquid, the
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Young’s equation is obtained.
WS/L = γL/V (1 + cosθ) (2.10)
where, WS/L, is the work of adhesion between solid and liquid.
Young’s equation indicates that the magnitude of the contact angle will depend on
the relative values of adhesion between solid and liquid, and mutual cohesion of the
liquid which is related to γL/V . An angle of 180◦ would indicate zero adhesion, but
this angle has never been observed in practice. A solid is completely wet with a liquid
if the contact angle is zero. If equilibrium is established, equation 2.9 can be rewritten
as
cosθ =
γS/V − γS/L
γL/V
(2.11)
If the right hand side of the equation stated above equals to unity, or exceeds unity
under non-equilibrium conditions, the liquid will wet the solid [34]. Thus, for wetting
γS/V should be large and γS/L and γL/V should be small. Often γS/L is large when
surfaces are rough or particulate.
Wetting of a surface is also defined as the replacement of solid-air interface with
solid-liquid interface when a solid phase comes into contact with a liquid phase [8].
Wetting is further classified into three types, namely, adhesional, immersional and
spreading wetting. The difference in three types of wetting is that in adhesional wet-
ting there is a unit decrease in liquid-vapour interface, in immersional wetting there
is a unit increase in this interface and in spreading wetting there is no change in this
interface. To describe the wetting phenomenon in the simplest way, assume that a solid
cube of side length 1 cm is immersed in a liquid (as shown in Fig. 2.4). The three stages
involved in the complete wetting of the cube are represented by the changes such as
adhesion (1) to (2), immersion (2) to (3), and spreading (3) to (4).
Figure 2.4: The three stages involved in the complete wetting of a solid cube by a liquid [8].
With reference to equation 2.11, the addition of wetting agents or surface active
agents not only lowers γL/V but also allows the wetting liquid to penetrate the surface
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by lowering γS/L. Non-wetting is a term usually applied to the case where the contact
angle is greater than or equal to 90◦.
To improve infiltration of agglomerates it is important and desirable that the rate
of penetration of the liquids into capillaries of agglomerates should be as large as
possible. For horizontal capillaries the rate of penetration of liquid into the tube is
given by the Washburn equation [33].
l = (
rtγL/V cosθ
2η
)1/2 (2.12)
where, l is the depth of penetration in time t and η is the viscosity of the liquid, and
r is the radius of tube. For a packed bed of solids, r is replaced by K, which contains
an effective radius r and a factor which takes into account the complex path formed
by the channels between particles and agglomerates. To achieve rapid penetration high
γL/V cosθ, low θ, and low η are desirable, with K as large as possible i.e. a loosely
packed powder. High γL/V and low θ tends to operate in opposite sense and are not
compatible. A low θ is an important factor, however when θ =0, further lowering of
γL/V will reduce infiltration. When the surface is free of any adsorbed vapour of the
liquid, the initial driving force of the liquid will be larger and hence the dry capillary
will wet faster than the one already equilibrated with vapour of penetrating liquid.
Agglomerate porosity allows surface tension driven infiltration of the matrix into the
agglomerate and has a major influence on the wetting of agglomerates [35]. Feke et
al. [36] illustrated an example where a slight lowering of CB packing density signifi-
cantly increased its dispersion in poly dimethyl siloxane (PDMS) with shearing time
as shown in Fig. 2.5. The agglomerate porosity allows flow, driven by the shearing mo-
tions present within the external fluids, to occur within the agglomerate. This internal
flow affects the manner in which the hydrodynamic stresses are distributed within the
agglomerate.
However, the infiltration of fluid might cause some rearrangement in the packing
structure of agglomerates or alter the cohesive forces binding the agglomerates to-
gether. In case of partially infiltrated agglomerates, the particles are hold together with
liquid bridges in presence of some entrapped air. The amount of liquid present in be-
tween the solid particles in wet granular materials is an important factor. In Fig. 2.6,
gradual wetting of agglomerates along with different stages of wetting is shown. As
the filler surface wets, a small quantity of liquid causes liquid bridges to form between
the particles of the agglomerate. This state is called as the “pendular state”. As the
amount of liquid increases, the “funicular state” is obtained where both liquid bridges
and pores filled with liquid are present. The “capillary state” is reached when all the
pores are filled with the liquid.
Rumpf [23] proposed equation 2.4 to be applicable also for the systems having liq-
uid bridges as adhesion force like in the pendular state. In such a state, the maximum
tensile force transmitted by a liquid bridge consists of two components. The first is
due to the surface tension of the liquid at the liquid-particle contact line. The second
is due to the curvature of the liquid bridge which creates a pressure difference across
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Figure 2.5: Erosion kinetics of a CB agglomerate at a constant shear rate [36]. Here, a0 is
initial CB agglomerate area and at is CB agglomerate area after time t. The CB
with lower packing density disperses quite fast.
Figure 2.6: Sketch showing diﬀerent extent of wetting of an agglomerate [37].
the surface. At higher saturations i.e. in the funicular and capillary state the capillary
pressure in the bridge and volume of liquid in the bridge were found to be influenc-
ing variables for the agglomerate strength [11]. At the capillary state the agglomerate
strength is dependent on the degree of saturation and the capillary pressure.
σz = S · pk (2.13)
where, σz is the agglomerate strength, S is the saturation, and pk is the capillary
pressure.
In the funicular state the agglomerate strength is the summation of equation 2.4
and 2.13. In Fig. 2.7, Schubert [12] describes how the agglomerate strength increases
with increasing saturation of an agglomerate by a liquid. However, when the agglom-
erate is fully infiltrated, its strength becomes negligible. Over this issue extensive study
and models has been reported in literature by several groups as in [38, 39].
There are several examples reported in literature which state that for partially infil-
trated agglomerates dispersion becomes difficult due to the increase in the agglomer-
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Figure 2.7: Plot of agglomerate tensile strength σz and capillary pressure pk versus liquid
saturation degree (S), adapted from [12].
ate tensile strength. For example, Li et al. [40] reported for carbon black dispersion in
PDMS that pre-soaking agglomerates in PDMS for longer time, resulted in their re-
sistance for dispersion. Leveresse et al. [41] reported similar observations for calcium
carbonate agglomerates dispersed in PDMS.
A direct comparison between partially wet and dry agglomerate strength of specific
fillers is seldom reported in literature. Gopalkrishnan et al. [42] studied and compared
the strength of wet and dry fumed silica, calcium carbonate and titanium dioxide ag-
glomerates. A clear conclusion on a specific tendency was not observed.The strength
of a wet agglomerate can be larger or smaller than that of the dry filler agglomerate.
Various factors such as the type of filler agglomerate, filler density, and the extent of
infiltration influences the agglomerate strength. Schubert et al. [43] reported the defor-
mation behaviour of moist and dry limestone (CaCO3) agglomerates under stress. The
dry agglomerates have markedly smaller fracture strain as compared to those of moist
agglomerates.
2.1.3 Dispersive stress acting on agglomerates
When the dispersive stresses acting on agglomerates during melt compounding over-
come the agglomerate strength, agglomerates breaks and disperses in melt. The stress
acting on filler mainly depends on the melt viscosity of the polymer, the speed of the
mixing element, the geometry of the mixer and the mixing element, and the flow field
in which the agglomerate is present. For pure shear flow, the applied stress τapplied is
calculated using equation 2.14.
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τapplied = K
′ · η · γ˙ (2.14)
where, η is the melt viscosity at the applied shear rate γ˙ , K ′ is the constant used
for filled polymer melt. The value of applied shear rate γ˙ can be calculated depending
on the geometry of the mixing device. To disperse fillers in thermoplastic polymer
melts, extruders are quite commonly used. In such extruders, different flow fields such
as shear, elongational, uni-extensional or bi-extensional are present. However, in an
extruder, the flow of melt is chaotic and so the exact estimation of ratio of different
flow fields is difficult and too complex to get a mathematical description [44].
Tadmor [45] theoratically analysed the dispersion processes and stated that to gen-
erate the same rate of deformation the force needed in elongational flow is twice of
that required in shear flow. The author states that in practice very large shear rates are
obtainable, whereas large rates of elongation are not achievable; hence most dispersive
mixers are based on shear dispersion.
In the following subchapter, the steps involved in the dispersion process are dis-
cussed.
2.2 The dispersion process
The term “dispersion” describes the process during which the smallest dispersible unit
of an agglomerate is separated from it and is mixed in the host matrix system. The term
is also used to characterize the obtained state of filler separation. A good distribution
is achieved when all available filler particles are uniformly present in the host matrix.
In this subchapter, mechanisms of filler dispersion in polymer melts are discussed and
an overview on the models dealing with dispersion mechanisms is given.
2.2.1 Mechanisms of ﬁller dispersion
To achieve uniform dispersion of filler agglomerates in a polymer melt it is necessary
to overcome their agglomerate strength. During melt processing, shear stresses gen-
erated inside the extruder provide the required energy for the size reduction of filler
agglomerates. In Fig. 2.8, a schematic of particle size reduction versus the required
energy is shown. The large agglomerates are broken down into smaller ones and then
to primary particles as the impacted energy increases. If the applied energy is much
higher, then the particles themselves can be damaged.
The process of size reduction of filler agglomerates during dispersive melt mixing
operation in a melt extruder consists of several steps as described in Fig. 2.9. These
steps are namely, filler incorporation (in melt), wetting and infiltration of filler (by
polymer melt), followed by dispersion, distribution, and flocculation of the filler parti-
cles in the polymer melt. In a melt mixing operation all these steps run parallel to each
other.
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Figure 2.8: Schematic showing reduction in particle size with increasing dispersion energy
[46].
Figure 2.9: Schematic describing the steps involved in dispersion of ﬁller agglomerates in
polymer melt.
As the filler is incorporated in a polymer melt, the filler surface comes into contact
with the melt and the melt wets the filler surface. Wetting of surfaces is discussed
in the previous subchapter 2.1.2. In brief, the wetting of a surface is defined as the
replacement of solid-air interface with solid-liquid interface and a solid is completely
wetted with a liquid if the contact angle of the melt on the filler surface is zero.
As soon as the filler surface is wetted, melt infiltrates into the filler agglomerate.
The material parameters like porosity or packing density of agglomerates, surface ten-
sion, melt viscosity, melt molecular weight, and branching in the matrix polymer, can
significantly affect melt infiltration into the agglomerates and so the dispersion of ag-
glomerates. Yamada et al. [47, 48] investigated the dispersion of CB in PDMS. The
matrix with the lower melt viscosity infiltrated faster into the agglomerates than the
high melt viscosity matrix and below a critical packing density agglomerates exhib-
ited high erosion rates. Similar findings has been reported for CaCO3 agglomerates
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by Leveresse et al. [49]. The authors modelled the infiltration kinetics of CaCO3 ag-
glomerates and found that decreasing agglomerate radius, polymer melt viscosity, and
agglomerate density resulted in higher infiltration rates. Scurati et al. [50] observed
that the dispersion is faster in a low melt viscosity matrix as compared to a viscous
one even when the same shear stresses are applied. While studying intercalation of
nano-clay in polystyrene by annealing, Vaia et al. [51] reported faster intercalation
by using matrix with lower molecular weight and melt viscosity. Further, Roland et
al. [52] concluded from DMA measurements that the dispersion of CB was worse in
branched polyisobuylene than in linear polyisobutylene, although high shear stresses
were applied.
Following the stage of melt infiltration, particles are subjected to dispersion. This
stage is mainly governed by the shear stress present in the mixing unit. In this stage,
the size of filler agglomerates is reduced due to the applied shear stress. The change
in size of large agglomerates into smaller parts is attributed to two main dispersion
mechanisms, namely rupture and erosion. The rupture mechanism is a fast process
during which large agglomerates are broken down into smaller ones in short time. In
erosion mechanism large agglomerates are eroded into smaller ones which requires
comparatively much longer time. The critical shear stress required for dispersion by
erosion process is much lower than the one required for the rupture process. The ratio
of applied shear stress and cohesive strength of agglomerates is decisive in governing
the speed of agglomerate dispersion. Thus, the step of filler dispersion is considered
to be very important as it determines the rate at which size reduction of filler in the
polymer melt could occur [53].
These dispersion mechanisms have been extensively investigated for different fillers
like carbon black (CB) [54–58], lucite (PMMA powder) [59, 60] , glass fibres [61,
62], etc. Furthermore, several models have been proposed to describe the dispersion
mechanism as in e.g. [45, 63–69].
As the mixing process continues, the particles separated from agglomerates are dis-
tributed into polymer matrix. It is necessary to have good filler distribution to obtain
uniform quality of the produced composite. If the melt state is maintained for long
time, it is possible that the well-distributed particles can flocculate to form clusters,
this process is also known as secondary agglomeration.
2.2.2 Overview of dispersion mechanism models in
literature
Investigations concerning dispersion mechanisms have been a matter of study from
quite some decades. Several authors investigated dispersion mechanisms and proposed
various models in literature. Although the applicability of most of the models is lim-
ited, they give an idea about the factors that cause and might influence dispersion
mechanisms and thus the overall process of filler size reduction. Bolen and Colwell
[63] in the year 1958, were the first ones who thought about how agglomerates dis-
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perse by rupture mechanism and proposed a model for it. Several authors took lead
from their work and developed different models. In the following paragraphs, most of
the proposed dispersion models are briefly summarised.
a) Bolen and Colwell model
Bolen and Colwell [63], observed in several systems that as the shear stress exceeds
a certain threshold value (dependent on the properties of the used fillers), the agglom-
erate size gets reduced and the number of particles increases. The filler agglomerates
(discontinuous phase) are ruptured by a shearing stress developed in continuous phase.
They proposed a theoretical model to describe the rupture mechanism. The model is
based on the observation that the rate of creation of new particles by mechanical rup-
ture depends upon the level of the stress in excess to the one required to break the
particle. Since the mixing tends to approach an equilibrium state, the rate of the ap-
proach has to be dependent on time. The particle creation rate is related to shearing
stress by:
dn
dθ
=
k(F − F0)(1− exp(−k′θ))
F
(2.15)
where, dn/dθ is the change in the number of particles with time, k is the particle
creation rate at high shear stress and long time, F is the average shear stress, F0 is the
mean shear stress to cause particle rupture, k′ is the rate constant and θ is the time.
The authors did not apply their model for any analysis on experimental work.
b) Kao, Mason, and Powell model
Kao and Mason [59] and later Powell and Mason [60] reported about the ero-
sion of agglomerates. Cohesion less clusters/agglomerates were made consisting of
polystyrene and PMMA particles (100 microns) in silicone oil. A four roller device
was used to generate two dimensional linear flow and a couette device was used to
have shear flow. A TV camera was used to record the breakup of agglomerates. Kao
and Mason analysed a simple break up assuming that the number rate at which spheres
are pulled off the periphery of the agglomerates is proportional to the tensile stress
generated by the sheared liquid at a given point on the surface of the agglomerates.
Thus, the model considers the volumetric change of an agglomerate with time at a
given shear rate. The following relationship between the agglomerate radius and mix-
ing time is derived:
(R30 −R3t ) = kGt (2.16)
where, R0 is the initial radius of agglomerate, Rt is the final radius of agglomerate
after time t, k is the rate constant and is a measure of dispersing efficiency, and G is the
shear rate. Some ambiguity might be present in the model, although the dependency
on shear stress was observed, it was ignored in the model and only the shear rate G
was considered.
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Powell and Mason later reformulated the model by taking into account the surface-
average number of particles which have been detached from the cluster since the initi-
ation of an experiment. As the increase in the volume of separated particles with time
is proportional to the rate of decrease of the volume of the agglomerate, the authors
ultimately derived following equation:
R0 −R(t)
R0
= k
a
R0
(1 + λ)Gt (2.17)
where, R0 is the initial radius of cluster, R(t) is the radius of cluster after time t, a
is the radius of an individual sphere, k is the dimensionless constant (to be determined
experimentally), λ is the flow parameter (dependent of linear or shear flow). Based on
experimental results, plotting (R0 − R(t)/R0) versus (1 + λ)Gt, indicated linearity
only at lower values of (1 + λ)Gt. Thus, the model is not applicable at higher shear
rates.
c) Shiga and Furuta model
Shiga and Furuta [54] reported about dispersion of CB in rubber using an internal
mixer. As the dispersion of CB agglomerates was observed to occur layer after layer
with time, they named the dispersion process/mechanism as “onion peeling mecha-
nism”. The authors consider that dispersion occurs primarily in the gap between the
rotor tip and the inner wall where coutte flow is assumed. Whenever an agglomerate
passes through the gap with the revolution of rotor, its size reduces and it looses some
weight. This loss of weight, ∆M , is proportional to the applied shear stress, τ ; size of
the agglomerate, l; and the time needed for agglomerate to pass through the gap, ∆θ.
−∆M ∝ τ · l2 ·∆θ (2.18)
The kinetics of CB dispersion in rubber was investigated and the change in particle
size distribution of un-dispersed agglomerates with mixing time was used to support
the proposed model. The authors state that the model can semi-quantitatively describe
the changes in the agglomerate diameter distribution with mixing time.
d) Bagster and Tomi model
Bagster and Tomi [70] investigated stresses acting on a sphere under simple laminar
flow, uniform flow, and during free settling. The employed approach considered that
the failure can occur on any plane that divides the sphere in two portions. The fluid
exerts force on these two portions, which might be unequal in magnitude and direction.
The net force acting on the plane and the average shear stress can be calculated. When
the average stress reaches an arbitrary critical value, the sphere will break on that
plane. They developed a model, considering the action of hydrodynamic force, by
dividing the sphere into several planes and then finding the weakest one. According to
the developed theory and model, the failure will occur at a certain shear stress gradient,
scritical, acting on the plane passing through the sphere at an angle θ, when the sphere
is present in a simple shear flow field.
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scritical ≥ T
5 · µ · sin2θ (2.19)
where, T is the tensile strength of the agglomerate and µ is the fluid viscosity.
The minimum shear stress gradient necessary is T/5µ , when the sphere is expected
to break throughout the material in planes±45◦ to the plane passing through the equa-
tor of the sphere.
e) Tadmor model
Tadmor [45] proposed a model by quantitatively analyzing dispersive mixing in
polymer processing. For modelling, the agglomerates were considered as dumbbells.
These dumbbells consist of two unequal beads connected by a rigid connector. The
force in the connector was calculated assuming the condition in which the dumbbell is
placed in a general homogeneous velocity field of a Newtonian fluid. Rupture occurs
when the force in the connector exceeds a certain threshold value. In simple shearing
flow and steady elongation flow the maximum force (Fmax) in the connector is pro-
portional to the local shear stress and the product of beads radii (r1 · r2) and following
equations were proposed.
In simple shear flow, the force needed to rupture was calculated to be:
Fcritical = 3pi(µγ˙)r1r2 (2.20)
In elongational flow, the force needed to rupture was calculated to be:
Fcritical = 6pi(µk)r1r2 (2.21)
Where, µ is the fluid viscosity, γ˙ is the shear rate, and k is the elongational rate.
In the simple shear flow the maximum value of (Fmax) is obtained when the dumb-
bell is oriented 45◦ to the direction of flow, and in the elongational flow when the
dumbbell is aligned to the direction of flow. The equation indicates that the force
(Fmax) in elongational flow is twice as that obtained in shear flow under the same
rate of deformation.
f) Manas - Zloczower model
Manas - Zloczower et al. [64] investigated the dispersive mixing of carbon black-
eleastomer system in internal mixers and proposed a theoretical model based on ag-
glomerate rupture mechanism. For modelling, the effect of the high shear field pro-
duced in the narrow gaps between the mixing elements and between the chamber wall
and mixing elements on agglomerate rupture as well as on the size distribution of
dispersed agglomerate was theoretically analysed. It is stated that the agglomerates
will undergo rupture when the applied hydrodynamic forces (Fh) exceeds the cohesive
forces present in the agglomerates (Fc), (Fh/Fc > 1). This ratio was later named as
“Fragmentation Number” (Fa) by Hansen et al. [58].
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Further, Manas - Zloczower and Feke [65] proposed to use the parameter Z as the
ratio of applied hydrodynamic stress on agglomerate to the cohesive strength of ag-
glomerate in different flow fields using a theoretical model assuming that under the
applied stress agglomerates will rupture.
Z =
χ · µ · γ˙
σ
(2.22)
where, µ is the matrix viscosity, γ˙ is the shear rate, σ is the agglomerate strength
given by Rumpf equation and χ is a numerical constant depending on particle shape.
The authors proposed for different flow fields that a minimum value of the parameter
Z is required for rupture to occur. For simple shear, Z > 2; for pure elongational, Z >
1; for pure biaxial extension, Z > 1; and for pure uniaxial extensional, Z > 1/2 were
determined. According to the model the required stress for rupture is maximum when
the agglomerate is present in a simple shear flow field and lowest when it is in uniaxial
flow field. Thus the dispersion in a shear flow field is most efficient as compared to the
other flow fields. The results were in agreement with the findings of Tadmor [45].
Later, in the group of Manas Zloczower and Feke extensive investigations for un-
derstanding dispersion mechanism in shear flow fields were carried out. Rwei et al.
[55–57] investigated the dispersion of a CB pellet in silicone oil under the application
of shear flow. Based on the model of Powel and Mason [60], the authors proposed a
new model stating that the change in the size of agglomerates under the applied shear
rate and for given time is proportional to the size of fragments produced.
R0 −R(t)
R0
= Kt∗ (2.23)
where, R0 is the initial radius of the agglomerate, R(t) is the radius of agglomerate
at time t, t∗ is the dimension less time i.e. product of the shear rate γ˙ and time t, K is
a constant depending on the flow field and the agglomerate strength. The model was
found to be useful at very low mixing times and for very low viscosity of matrices. The
general important findings of these works were that slow dispersion due to low shear
rate is characterised by the generation of several small sized fragments. At higher shear
rates, there is fast generation of relatively less but bigger sized fragments. The authors
termed dispersion at low shear stress as erosion mechanism and dispersion at high
shear stress as rupture mechanism. It should be noted that several authors had reported
similar observations but they did not used the terminology of “rupture” and “erosion”
for dispersion mechanism and Rwei et al. were the first to do so.
Boyle et al. [71] investigated the dispersion of partially infiltrated fumed silica ag-
glomerate in PDMS and identified three different categories of dispersion mechanisms.
When the majority of particle-particle bonds to be severed were located within the un-
infiltrated portion of the agglomerate, this dispersion mode was referred as “dry cohe-
sive failure”. When particle-particle bonds located only within the infiltrated portion
of the agglomerate were broken, it was referred as “wet cohesive failure”. For the case
when the agglomerate was completely wet, the dispersion was referred as the case of
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“adhesive failure”. In this case, capillary forces exceed the inherent shear strength of
the agglomerate and fluid infiltration leads to rearrangement of the powder structure.
Hydrodynamic stresses are no longer transmitted across the interface between the wet-
ted periphery and the dry core, and the entire hydrodynamic load bears on the wetted
portion of the fracture surface. Thus, dispersion occurs at an applied stress level ap-
parently below the cohesive strength of the agglomerate. The magnitude of the stress
experienced in adhesive failure is dependent upon both the level of infiltration and the
size of fragments to be removed. Whether dispersion occurs by cohesive or adhesive
failure depends on the ratio between capillary forces and shear cohesivity.
Scurati et al. [50] investigated the dispersion of two types of silica agglomerate dif-
fering in packing density in two different PDMS matrices varying in melt viscosity.
In the experiments, the same level of shear stress was applied on the given silica ag-
glomerates by varying PDMS type and the shear rate. Dispersion was observed to be
faster in the low viscosity matrix when high shear rates were applied as compared to
high viscosity matrix when low shear rates were used. These results suggested that the
hydrodynamic stress acting on the agglomerate is not the only factor that determines
the speed of dispersion.
To explain the results of their experimental work, the following equation was pro-
posed:
−dR
dt
=
k
2
(Fh − Fc)γ˙ for (Fh > Fc) (2.24)
where, R is the initial radius of agglomerate, k is the constant dependent on flow
field, Fh is the hydrodynamic force, Fc is the cohesive force, t is the time, and γ˙ is the
shear rate. The implication of this model is that the applied shear stress should exceed
the agglomerate strength for silica particles to undergo dispersion either by erosion or
by rupture mechanism; which is in contradiction to the established definitions. Thus,
for the concerned system, it was stated that for Fa < 2 no dispersion occurs, for 2 ≤
Fa < 5, dispersion occurs by erosion mechanism and for Fa > 5 dispersion occurs by
rupture mechanism.
The important results based on the different models proposed by the group of Manas-
Zloczower can be summarised in the following points:
1. The applied hydrodynamic stress in a shear flow field is an important factor for
the dispersion process.
2. At lower shear stress dispersion occurs by erosion mechanism and depending on
filler type, there might be certain critical shear stress, below which agglomerate
erosion is not possible.
3. Agglomerates cannot disperse by rupture mechanism below a certain shear stress.
This certain shear stress should be higher than the cohesive strength of the ag-
glomerate. Above this critical shear stress, both rupture and erosion are present.
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4. The critical shear stress for erosion is less than that for rupture.
5. Dispersion by rupture is faster than by erosion mechanism.
6. Apart from shear stress, stress exposure time (product of shear rate and time) is
also an influencing factor.
7. The agglomerate structure is decisive for the breakdown process.
8. The extent of infiltration into agglomerates is decisive for the dispersion process.
These models have significant importance in understanding the principles of the
involved dispersion mechanism. However, the presented models do not take into ac-
count the dispersion by both mechanisms, rupture and erosion, simultaneously and do
not take into account the share of these mechanisms in dispersion process.
In actual applications both dispersion mechanisms, rupture and erosion, are crucial
for agglomerate size reduction and have to be investigated not only on single agglom-
erates but on real filler systems having agglomerate size and strength distribution. In
literature, a couple of models can be found which take into account both dispersion
mechanisms and real filler systems during compounding. They are briefly summarised
in the following paragraphs.
g) Lozano model
Lozano et al. [69, 72] proposed a dispersion mechanism model based on both rupture
and erosion and considers the agglomerate size population balance. The purpose of the
model was to predict the size distribution of the filler particles (CaCO3) when the filler
is dispersed in a polymer melt (polypropylene) by twin screw extrusion. The total
change in the particle size distribution is given by following differential equation.
dV
dt
= V (v, f) +W (v, f) (2.25)
where the term V (v, f) and W (v, f) represents the contribution of erosion and rup-
ture process for decrease in the agglomerate volume with time. Both terms are solved
using a complex mathematical formulation, which needs several parameters and a rig-
orous computation. The required parameters were derived from experiments based on
internal mixers and overall application of this model seems to be difficult. However, to
match the experimental and predicted particle size distribution, the shares of rupture
and erosion mechanism were assumed by trial and error method.
h) Potente model
Potente et al. [68] considers the share of both rupture and erosion mechanism dur-
ing filler dispersion in their model. The objective of the model was to estimate and
predict the quality of dispersion along the length of the screw. The model takes into
account the principles developed in other models. In their experiment, 20-30 wt % talc
is melt compounded with PP and PE in a twin screw extruder. It is proposed that the
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decrease in the equivalent diameter (d) of agglomerates with time (t), depends on the
average decrease in the equivalent diameter due to rupture and erosion mechanism and
an increase due to probable clustering.
−dd¯
dt
= −
(
dd¯
dt
)
rupture
−
(
dd¯
dt
)
erosion
+
(
dd¯
dt
)
clustering
(2.26)
Further, the changes in equivalent diameter of agglomerates due to erosion, rupture,
and clustering are mathematically derived.(
dd¯
dt
)
rupture
= k2
τfluidγ˙
τshearpi
d¯ (2.27)
(
dd¯
dt
)
erosion
= k3
τfluidγ˙
τshearpi(1− A) d¯ (2.28)(
dd¯
dt
)
clustering
= k1csoγ˙d¯ (2.29)
where, k1, k2, and k3 are numerical constants, τshear is dependent on the agglomerate
strength, τfluid is the applied hydrodynamic stress, γ˙ is the applied shear rate, (1 − )
is the packing density. For clustering, filler volume (cso) is an additional important
factor. Based on the model, the quality of dispersion was simulated along the length
of the screw. Deviations were observed between the experimental and predicted values
but the tendencies related to the improvement in the quality of dispersion along the
length of the screw were similar. The share of dispersion by both rupture and erosion
mechanisms was not calculated.
The authors state that the tensile strength of the talc agglomerates is 109 Pa. In
experiments, 200-300 rpm mixing speed is applied at approx. 220◦C for melt com-
pounding. The hydrodynamic stresses generated under these conditions are so high
that the agglomerate dispersion should be only by rupture mechanism.
In summary, dispersion by both rupture and erosion mechanisms is assumed to occur
in all industrial compounding processes and is considered in the models by Lozano and
Potente. However, no standard model exist to predict the quality of dispersion. If the
agglomerate strengths are very low, then the dispersion by erosion mechanism can be
absent. It is important to understand which mechanism dominates the other one under
what conditions. Furthermore, there is a necessity to understand if the shares of the
mechanism in ongoing dispersion process can be estimated.
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3 State of the art in processing
and characterization of
polymer-ﬁller composites
3.1 Methods of manufacturing
Fillers can be incorporated into thermoplastic matrices by several methods. These
methods are namely in-situ polymerization, polymer latex approach, solvent casting,
and melt compounding. These methods are also suitable for producing CNT filled
polymer composites. Lot of research has been done on CNT composite production
using these methods and information about them can be found in several reviews pub-
lished so far as in [73–80]. Here these methods are briefly discussed with a view of
explaining how CNT polymer composites can be produced and the advantages and
difficulties involved in the application of these methods.
3.1.1 In situ polymerization
Addition of CNT during polymerization reaction is used as a method to produce com-
posites. There are three possible approaches that are employed to carry out such in situ
polymerization. First approach is to pre-disperse CNT either into a liquid monomer
or in a solvent media, which will be used for polymerization. Second approach is to
use pristine or functionalized or catalyst coated CNT, so that monomers will react
with functionalized groups present on them to produce polymer chains. This approach
is also known as “grafting from” method. In third approach, the end groups of a pre-
formed polymer react with the surface of pristine or functionalized CNT. This approach
is known as “grafting to” method.
Jiang et al. [81] synthesized MWNT - polyimide composites, by ultrasonically dis-
persing MWNT in solvent medium and followed by polymerization of added monomers.
Although the produced composites were not agglomerate free, the electrical percola-
tion threshold in these composites was found to be quite low (0.15 vol% MWNT con-
tent). The composites up to 5 vol% MWNT loading were produced by this method.
In “grafting from” approach, usually polymerization of monomers takes place from
the initiators present on the surface of MWNT. These initiators are covalently attached
on the surface of MWNT using various functionalization reactions. In the Fig. 3.1, a
reaction scheme of producing MWNT - polyaniline composite [82] by “grafting from”
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approach is shown.
Figure 3.1: Scheme showing reaction during production of polyaniline-MWNT composite by
grafting from approach [82].
The advantage of “grafting from” approach is that high molecular weight polymers
can be efficiently grafted on MWNT and composites with high grafting density can be
produced.
In “grafting to” approach, a preformed polymer chain is reacted with the surface of
pristine or functionalized MWNT as illustrated in Fig. 3.2. The main routes exploited
in this approach are radical or carbanion additions as well as cycloaddition reactions
to carbon carbon double bonds present on the surface of CNT.
The advantage of “grafting to” approach is that commercial polymers can be used.
However, there is limitation to the extent of reaction and the grafting density is com-
parativley lower than “grafting from” approach.
Using these approaches production of several polymer composites has been de-
scribed in literature. For instance, MWNT composites of PE [83], PP [84], olefins
[85], PA 6 [86], PA 610 [87], PA 1010 [88], PEK [89], polyaniline [90], polypyyrole
[91], polyimide [81], PMMA [92, 93], polyurethane [94], and polycaprolactone [95]
can be found in literature. Extensive information on “grafting from” and “grafting to”
approach can be found in several review papers like in [76].
The main advantage of applying “in situ polymerization” technique is that it is suit-
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Figure 3.2: Scheme showing cycloaddition reaction of azide terminated polystyrene on CNT
surface, used for composite manufacturing by grafting to approach [76].
able for large scale production of composites with high CNT loading. If the used
monomers or solvents are well infiltrated into MWNT agglomerates, very good dis-
persion of MWNT can be achieved. The disadvantages are concerning the compatibil-
ity of diluting polymer, when a composite with high loading is used as masterbatch.
If functionalized tubes are used, probably the electrical properties of composites are
affected, further polymer wrapping on CNT might reduce their effectiveness.
3.1.2 Latex approach
Latex is a stable colloidal dispersion of submicron sized polymer particles in an aque-
ous medium, appearing as a milky liquid with approximately 50% water content. When
they are spread over a surface and allowed to dry, they form a thin film, and thus they
find applications mainly in surface coating industry. For producing latex composites,
MWNT with the aid of surfactants (usually sodium dodecyl sulfate) is dispersed in
water under sonication. This MWNT dispersion is mixed with the latex dispersion to
produce composites with varying amount of MWNT loading. The resulting MWNT
latex dispersion is either freeze dried or air dried to remove water and can be fur-
ther processed to produce desired composite. The process is schematically shown in
Fig. 3.3 and an example illustrating the microstructure of PS latex based MWNT com-
posite in Fig. 3.4.
Figure 3.3: Schematic of microstructure development of a latex based composite containing
conductive ﬁller [96].
Several studies have been reported in literature where latex of different polymers
are used to produce composites for e.g. iPP [98, 99], polyurethane [100], polystyrene
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Figure 3.4: SEM image of fractured freeze dried sample of PS latex-MWNT composite [97].
[101], PS-co-butyl acrylate [102, 103], polyvinyl acetate [104] , PVA and PVA-co-
acrylate [96], etc.
The advantage of this method is that it can be used for producing conductive coat-
ings, finishes, and compression moulded composites. The disadvantage of this ap-
proach is that it is applicable only for those polymers whose latex can be produced
or those which can form stable dispersion in water.
3.1.3 Solvent casting
In solvent casting or solution processing method, MWNT are dispersed in a solvent and
polymer is dissolved in the same solvent and both are mixed under energetic agitation
or sonication. The resulting mixture is subsequently casted on a substrate, solvent is
evaporated to produce polymer MWNT composite. In several examples, this method
has been employed for e.g. to prepare MWNT composites of polystyrene [105, 106],
polyimide [107], polyhydroxyaminoether [108], etc. In some examples, functionalized
MWNT are used to produce composites of polyvinyl alcohol [109].
However, it has been observed that a stable dispersion of MWNT in a solvent is
difficult to achieve. To avoid this problem, in several instances surfactants are used to
aid dispersion of MWNT in the mixing process. The added surfactants form a coating
on the surface of the tube as schematically shown in Fig. 3.5 and thus stabilize them
and avoid their flocculation. For e.g. Vaismann et al. [110] employed various com-
mercially available surfactants namely Triton X, Tergitol, Span (sorbitan monolaurate,
monooleate, and trioleate, respectively), Disperbyk, etc. to prepare PP and PEG com-
posites. Cui et al. [111] used Tergitol for producing epoxy CNT composites. McCullen
et al. [112] used gum arabic in preparing PA6 composites. Gong et al. [113] produced
epoxy composites by surfactant (polyoxyethylene-8-lauryl) assisted CNT dispersion.
In all cases it was reported that either the dispersion of MWNT was qualitatively im-
proved or the observed mechanical or electrical properties were better.
Such stable dispersions are also needed during insitu polymerization and or by using
polymer latex. Further information related to surfactants which are used for producing
CNT dispersion can be found in [115] and the references given in.
The advantage of this method is that it can be used to produce composites on lab
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Figure 3.5: Schematic representation of the mechanisms by which surfactants can coat and
help dispersing CNT (a) CNT encapsulated in cylindrical surfactant miscelle, (b)
Hemimicellar adsorption of surfactant molecule on CNT, (c) Random adsorption
of surfactant molecule on CNT [114].
scale and the achieved dispersion is relatively better than using other methods. By
this approach, it is possible to produce composites with very high filler loading. The
disadvantage is that it is applicable only to those polymers which can be dissolved. By
this method only thin films can be produced. The method is not a favoured route for
industrial scale manufacturing as large volume of solvent will be needed to dissolve
polymers. Thus, it is difficult to handle and is economically as well as environmentally
not favourable.
3.1.4 Melt compounding
This method involves the use of standard melt processing equipments like extruder
or internal mixer. In this process, CNT are melt mixed in polymers, with the help
of mechanical mixing elements present in the processing equipment. For thermoplas-
tic polymers single and twin screw extruders are commonly employed for melt com-
pounding. For labscale experiments, micro-compounders are used which are usually
of discontinuous type. This method can be used to produce direct compounds or mas-
terbatches with higher CNT loadings which are diluted later. In this method, generally
polymers and CNT are added in a running extruder/compounder. Due to high temper-
ature the polymer melts immediately and the shear forces present in the compounder
help to disperse CNT agglomerates. The shear forces generated inside the compounder
depend on the melt viscosity and rotational speed of mixing element. The general dis-
persion process in such extruders is described in chapter 2.2. In Fig. 3.6, a schematic
illustration of the application of the stress field on agglomerates present in an extruder
is shown.
A number of studies has been reported to produce composites either by direct mixing
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Figure 3.6: Illustrations of (a) mixing inside an extruder, (b) application of shear stress on
agglomerates in high shear zone, and (c) stress ﬁeld acting over an agglomerate.
Images from [116].
or by masterbatch dilution; for instance, PC [117–120], PP [121], polyurethane [122],
PET [123], PA 11 [124], TPU [125], PA 6 [126] etc.
One of the commonly accepted method of producing composites by melt compound-
ing is with masterbatch dilution. In this method composites with high loading of CNT
are produced in the extruder. This composites are known as masterbatch and are diluted
with the neat polymer in the extruder to obtain composites with lower filler content. As
the CNT agglomerates are wetted with the polymer during masterbatch production, it
is expected that they get well dispersed during dilution. Further the agglomerates are
subjected to shear twice, once during masterbatch production and second time during
its dilution, this also helps in achieving good dispersion of agglomerates.
Slight modifications to the melt processing equipment are also applied to enhance
dispersion of MWNT agglomerates. For example, during melt mixing very high shear
stresses can be applied by using very high speeds as in e.g. for producing elastomer
MWNT composites [127]. The mechanical properties of the composites processed at a
high-shear rate were found to be much higher than those of the composites processed at
a low shear rate and was attributed to better MWNT dispersion. Similarly, for produc-
ing PVDF-MWNT composites ultra high shear mini-extruder was used [128]. Electri-
cal and rheological percolation threshold was reduced by nearly 1 wt% MWNT content
in composites produced under ultra high shear in mini-extruder as compared to that of
composites processed at low shear. In recent studies, ultra sound was employed during
melt mixing for producing PEI-MWNT composites [129]. The ultrasonically treated
composites had an increase in the viscosity, storage modulus and reduced damping
characteristics, as compared to the untreated ones.
The biggest advantage of the melt compounding approach is that the existing tech-
nology of melt processing can be used for the composite production. The method is
quite fast and economic. It is an environmentally friendly method as compared to those
in which large quantities of solvents might be needed. Further, this approach is flex-
ible as the amount of MWNT loading can be varied easily and the same equipment
can be used to produce composites of different polymers. However, at very high filler
loadings there might be some limitation in using extruders due to very high torque
values. Most of the polymer matrices can be processed by this method. The extruded
composites can be further processed to produce parts of desired shapes for instance by
using injection moulding. The main difficulty arises in producing MWNT agglomer-
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ate free composites, although this problem can be significantly overcome when using
masterbatch dilution.
3.2 Methods of shaping using the melt state
The polymer-filler composites produced by the methods described above, need to be
converted into the desired shapes for manufacturing objects or parts. For this purpose,
usually thermoplastic composite melt can be used for melt spinning and compression
or injection moulding. In this subchapter a brief overview is provided on some as-
pects of these shaping methods with a brief discussion on some typical observations.
Although these shaping methods are used for all nanofiller-polymer composites, the
examples discussed here are limited to polymer MWNT composites.
3.2.1 Melt spinning
The process of drawing fibres from the melt is known as melt spinning. The drawing
of a fiber is controlled by the speed of fibre winder thereby the diameter of the fibres
can be controlled. Usually the CNT are aligned with the fibre axis. When an electrical
field is applied for drawing of such fibres the process is known as electro-spinning. In
the reviews reported by Chou et al. [130] and Huang et al. [131] detailed information
can be found over melt spinning and electro- spinning and different ways of producing
fibres and their properties.
Pötschke et al. [132] produced PC fibres containing 2 wt% MWNT. In composites
produced by higher draw up ratios, the MWNT were aligned with the axis of fibre as
investigated by TEM and Raman spectroscopy. The mechanical properties were signif-
icantly affected by the draw up speed, as the modulus of composite fibres and strain at
break decreased with increasing draw up speed, but the stress at break increases. The
mechanical properties of composite fibre were relatively poorer as compared to neat
PC fibre at all employed condition and the produced composite fibres were electrically
non conductive.
In literature, reports about fibres produced either by melt spinning or by electro-
spinning of several composites has been described for e.g. PC [132–134], PA 12 [135,
136], PP [137, 138], PVA [139], PEO and PA 6 [112], etc.
As electrically conductive fibres can be produced, it is possible to manufacture in-
telligent textiles which can be used for some high tech applications. For e.g., recently
Pötschke et al. [140] demonstrated the potential application of such fibres for liquid
sensing.
3.2.2 Compression moulding
In compression moulding, polymer composite granules or powder are placed in a
mould, which is subjected to heat and pressure. As the polymer melts, under pressure
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it fills the mould and by subsequent cooling, composites with the shape of the mould
are produced. The method is flexible because a wide range of melt temperatures can
be applied depending on matrix polymer, further moulding time, pressure etc. can be
varied to produce composite under any desired condition.
However, employed processing conditions can greatly influence the properties of
produced composites. Pegel et al. [119] observed that during compression moulding
of PC composites containing the same amount of MWNT (0.875 wt%), the use of the
higher temperatures resulted into electrically conductive composites, while low tem-
peratures led to the non conductive composites. They attributed secondary agglomer-
ation of previously dispersed nanotube to be the reason for the reduction of composite
resistivity and supported their argument by TEM images of composites. Similar effect
on conductivity of composites was obtained by Grossiord et al. [97] in composites
produced using PS latex.
Compression moulding is the most common technique used in lab scale to produce
composites with desired shapes and thickness. The important benefit of this technique
is that to produce such composites quite a low amount of material is needed. It is
applied for nearly all types of composites irrespective of the way they are produced.
Compression moulding is seldom used for industrial production of finished thermo-
plastic composite products.
3.2.3 Injection moulding
In injection moulding process, the composite melt is injected into a mould of desired
shape. The mould cools down the specimen quickly and the composite part is removed
out of the mould.
Villmow et al. [141] investigated the influence of injection moulding conditions of
PC-MWNT composites on electrical properties using a statistical experimental design.
The injection velocity was found to have the highest impact on the composite’s resistiv-
ity followed by the melt temperature. The MWNT near the surface of composite plate
were found to be oriented in the direction of injection moulding, whereas inner MWNT
were relatively less oriented. As a result of such an oriented and thus insulating layer,
the resistivity values perpendicular to injection direction were quite high. Lellinger et
al. [142] measured inline conductance of PC-MWNT and PA12-MWNT composites
during injection moulding. The results indicated that the injection velocity and melt
temperature have a strong influence on the conductivity of the final parts, whereas the
mould temperature does not have a significant influence. The composites with highest
conductivity values were produced by a combination of the lowest injection veloc-
ity with the highest melt temperature. In some other studies, during manufacturing of
PP-MWNT composites slightly modified mould was used by Xiao et al. [143]. After
injection of melt in mould it was dynamically packed during cooling. The produced
composite had better mechanical property than those prepared without dynamically
packing. Meincke et al. [144] injection moulded PA 6-MWNT composites and found
that with increasing amount of filler loading, Young’s modulus increases and the strain
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at break decreases.
The injection moulding process runs in a fast cycle and thus large quantity of parts
can be produced in quite less time. Depending on the size of equipment, it is possible
to produce components of various sizes. As far as scientific research is concerned, this
method for sample preparation is used less frequently as large quantity of material is
required for such experiments.
3.3 Analytical methods to characterise the state
of dispersion and percolation
The states of filler dispersion have an influence on the properties of produced compos-
ites. The purpose of adding any filler into composite matrix is to improve the charac-
teristics of the produced composites. The desired properties of composites may not be
achieved if the filler agglomerates are inhomogeneously or poorly dispersed. In order
to control the quality of dispersion or to see the effect of employed processing condi-
tions on dispersion, it is necessary to examine the state of dispersion. For such analysis,
direct methods like morphological investigation or indirect methods involving investi-
gation of changes in composite properties are usually used.
Furthermore, for certain composite properties it is desired that the added filler forms
a network in the host matrix system. In this regard, as the amount of added filler in-
creases , at a certain filler concentration, a first continuous path is formed which leads
to a sudden change in a specific composite property like electrical, mechanical or rhe-
ological properties, this concentration is known as percolation threshold. In this sub
chapter, the tools which are commonly used for analysing the state of dispersion or
comparing composite properties are briefly discussed. Some of these tools are also
useful for analysing filler percolation in a host matrix. In this subchapter examples
are discussed not only from CNT-polymer systems but also from other filler-polymer
systems.
3.3.1 Microscopic methods
Microscopic tools are most commonly used to investigate the morphology or the state
of filler dispersion. These tools are the preferred ones as they give direct visual impres-
sion about the state of dispersion. Depending upon the length scales different micro-
scopes can be employed, such as optical microscope (OM), scanning electron micro-
scope (SEM), atomic force microscope (AFM), and transmission electron microscope
(TEM).
Each microscopy method has certain advantages and disadvantages. OM gives ex-
cellent overview about the state of dispersion on macroscopic scales but has limitations
in accessing submicron size particles. OM is easy to handle and the sample preparation
is relatively easy. SEM, AFM and TEM needs some experience to operate and sample
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preparation can be time consuming. SEM and AFM gives general overviews about the
state of dispersion on both micron and submicron scale. TEM gives an excellent in-
sight over the state of filler dispersion and distribution on sub-micron scale. However,
as sample preparation is time-consuming, TEM is performed usually only for specific
samples.
All microscopy methods mentioned above have been found to be extensively used
for characterising the state of MWNT dispersion in produced polymer composite. In
Fig. 3.7, some exemplary images of polymer MWNT composites are shown for having
a visual impression of the observed micrographs. With TEM, it is possible to observe
the state of dispersion at nanometer level and eventually individual tubes. In AFM, us-
ing phase contrast, submicron sized agglomerates can be observed and at lower scales
even individualized tubes can be observed as in [118]. In SEM, depending on magnifi-
cation and the method of sample preparation large un-dispersed agglomerates as well
as the separated tubes can be seen. OM gives very good impression about the state
of dispersion on micron scale and un-dispersed agglomerates of various sizes can be
easily observed.
(a) (b)
(c) (d)
Figure 3.7: Exemplary images produced using diﬀerent microscopy tools (a) TEM image
showing some dispersed tubes in PC [119], (b) AFM image showing erosion of
small CNT agglomerates from a larger one in a rubber matrix [7], (c) SEM
image showing undispersed CNT agglomerate in SEBS elastomer [127], (d) OM
image indicating several undispersed agglomerate on scales higher than other
microscopy tools [7].
If proper image processing techniques are used, valuable quantitative analysis can
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be performed to characterize the state of dispersion on all length scales and lot of inter-
esting information can be obtained. For instance, it is possible to evaluate the area ratio
(i.e. the area of un-dispersed agglomerates to micrograph area), particle size distribu-
tion, and to calculate the dispersion index. Such analysis gives very good idea about
the ongoing dispersion process during composite manufacturing or the state of filler
dispersion in finished composites. Further, influence of variations in processing and
material parameter on filler dispersion can be analysed. Additionally, the dependence
of filler dispersion can be correlated with mechanical properties of the composites.
In this context, some of the earliest work done in characterisation of filler dispersion
was dealing with compounding of rubber with CB for tire production. One of the first
quantitative assessment was reportedly done by Leigh-Dugmore in 1956 [145] whereas
“micrometer ruled-in squares” in eyepiece was used for transmission light microscopy.
A dispersion coefficient was calculated as a measure of the amount of CB dispersed.
Stumpe and Railsback [146] introduced a numerical rating system (1-10) for evalu-
ating the quality of dispersion, where 1 was the worst and 10 the best state. The charac-
terisation was done using optical microscopy of samples and visually comparing them
with the set standard CB dispersion images.
Such image analysis and characterisation tools were also applied for other polymer
filler systems. Suetsugu [147] was the first who used the term “dispersion index” to
quantify the state of dispersion of CaCO3 in polypropylene. The state of dispersion
was characterised using SEM micrographs. The dispersion index was defined as a
function of area fraction of un-dispersed agglomerates and is evaluated by:
Dispersion index = 1− ΦA (3.1)
where, ΦA is an area fraction of agglomerates.
ΦA =
pi
4Aϕ
∑
d2i · ni (3.2)
where, ϕ is the volume fraction of added filler, A is the area of micrograph, di is the
diameter of agglomerate bigger than some critical size, ni is the number of agglomer-
ates with diameter di. This equation has been used by several authors for quantifying
state of dispersion e.g. like in [148, 149], etc. An important thing to be noted here is
that there is no common consensus on the diameter of the critical size of agglomerate.
Thus, in different papers different diameters are used for the critical size of agglomer-
ates.
Equation 3.2 used for estimating the dispersion index does not take into account the
porosity of the filler agglomerates and thus it seems to be suitable only if the filler
has very little porosity. If porous fillers are used some error might arise in calcula-
tions. To compensate any arising error due to agglomerate porosity, right hand side of
the equation 3.2 is multiplied by the packing density of filler agglomerates. Le et al.
([150] and the references therein) used such corrected equations for quantifying optical
micrographs of CB rubber compounds.
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A “quadrat method” has also been used for quantitative analysis of filler dispersion.
In this method, the area that can be observed under SEM, TEM, or AFM is divided into
small sections of equal area. The number of particles in each section is then counted
to obtain an index known as the Morishita’s Iδ index ([151] and [152] the references
there in).
Iδ = q · δ (3.3)
δ =
q∑
i=1
ni · (ni − 1)
N · (N − 1) (3.4)
where, N denotes the total number of particles, q is the number of divided sections
(quadrat number), ni is the number of particles in ith section. A series of Iδ values
could be obtained by changing the size of the dividing sections or the quadrat num-
ber q. A profile of Iδ versus q is plotted. If Iδ is smaller than 1 (regular distribution),
then the particles are evenly distributed. If Iδ is equal to 1 than the particles are ran-
domly distributed (Poisson’s distribtion). If Iδ would be greater than 1, the particles
are aggregated or agglomerated. For further examples, refer to [151] and [152] and the
references therein.
Nevertheless, to characterise the quality of dispersion specifically for OM images,
standard norms can also be referred as described in [153–155]. Quantification by bi-
narising AFM images is proposed by Clement et al. [156] and for TEM images by
Tscheschel et al. [157]. For CNT filled composites some recent progress for quantifi-
cation of TEM images are reported by Pegel et al. [158] and Khare et al. [159].
In spite of the possibility of applying image analysis, microscopy methods are often
used only for qualitative description of the state of dispersion. Quite seldom quantita-
tive information is derived or the effect of processing conditions on filler dispersion or
the effect of size of un-dispersed particles on mechanical properties of composites is
reported. For example, Boonstra and Medalia [160] investigated the effect of the state
of dispersion on the mechanical properties of rubber-CB composites. If CB agglom-
erates were left un-dispersed in rubber due to insufficient mixing, they were found to
be detrimental for composite mechanical properties like tensile strength or abrasion.
In another example, Suetsugu [147] found that in PP-CaCO3 composites containing
particles larger than 10 µm, as observed in SEM, have poor impact properties whereas
composites containing smaller particles have improved impact properties in compari-
son to neat PP.
As far as CNT filled polymer systems are concerned such image analysis tools are
seldom applied. Some of the examples where such microscopic methods are used for
analysing composites are described later in chapter 3.4.
3.3.2 Electrical properties and percolation
The addition of electrically conductive filler in a non conductive matrix composites
and its subsequent dispersion in the matrix leads to the formation of an electrically
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conductive filler network. The filler concentration where the conductivity of composite
jumps (as the first complete conductive pathway is formed) and rapidly increases over
several order of magnitude (i.e. electricity starts percolating through the initially non-
conductive matrix), is known as the electrical percolation threshold of the given filler
in the given matrix. In Fig. 3.8, electrical conductivity is plotted versus filler content
showing a “percolation plot”.
Figure 3.8: Sketch illustrating conductivity and percolation threshold (PC) of carbon ﬁbres
ﬁlled composite [161]. A is below PC , B is at PC and C is above PC .
The conductivity values of polymers are in the range from 10−14 to 10−17 (S/cm). In
contrast, the electrical conductivity of carbon fillers can range from 102 to 104 S/cm.
The conductivity value of the composites at higher filler amount reaches a asymptotic
plateau value, which is equal to or slightly lower than that of the filler [161]. Never-
theless, the final asymptotic value might be dependent on other composite or matrix
properties.
Filler properties like size and shape, apart from its inherent conductivity, are very
important as they determine the amount of filler loading necessary to reach percola-
tion and a certain conductivity level. For spherical particles, the percolation threshold
decreases with decreasing filler size [162]. For non spherical particles, the percolation
threshold decreases with increasing aspect ratio [163, 164]. Furthermore, the inter-
facial energy between the filler and polymer plays a crucial role in filler dispersion
and therefore on the network formation. If the interfacial energies are quite low, filler
disperses and distributes quite well in matrix. However, when the polymer completely
wets and coats the filler in the matrix, this results in lowering the electrical conductivity
and thus increasing the percolation threshold concentration [165].
To explain the percolation threshold phenomena depending on different conditions
such as those mentioned above, several models were proposed in literature and were
reviewed by Lux [166]. These models are classified into four types namely, statisti-
cal percolation models, thermodynamic percolation models, geometrical percolation
models, and structure oriented percolation models. Among these models, a statistical
percolation model proposed by Kirckpatrick [167] and Zallen [168] is quite often used.
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For concentrations above percolation threshold:
σ = σ0 · (p− pc)s for p > pc (3.5)
For concentrations below percolation threshold, the following equation is proposed
[169]:
σ = σ0 · (pc − p)−q for p < pc (3.6)
where, σ is the conductivity of composite, σ0 is the conductivity of filler, p is the
volume fraction of filler, pc is the volume fraction of filler at percolation threshold, and
s and q are known as critical exponents. (p and pc are often used as the weight fractions
instead of volume fractions).
The percolation threshold strongly depends on the used filler and matrices, method
of preparation etc. Measuring electrical resistivity of composites has been frequently
used to understand the state of filler dispersion.
The DC or AC resistivity of composites is often used in literature to characterise
percolation threshold of the composite. The electrical percolation threshold of MWNT
in any given matrix depends on many factors such as the quality of MWNT, type of
polymer matrix, state of MWNT dispersion, method of composite manufacturing etc.
For thermoplastics usually the range of percolation threshold is between 0.5 - 3 wt%.
For epoxy resins these values are lower and for rubbers they are higher. Bauhofer and
Kovacs [170], mention that for CNT composites, the critical exponent usually obtained
by curve fitting of equation 3.5 is 2.
The length of the tubes is a critical factor that influences the percolation threshold
of the produced composites. Bai and Allaoui [171] observed that in Bisphenol A based
thermoseting resin composites made with longer tubes had lowest and distinct perco-
lation threshold, and as the length of the tubes decreased, the percolation threshold and
resistivity increased. Similar effects were observed in thermoplastic-CNF composites
[164].
The state of electrical network formation is sensitive to changes in steady or un-
steady state, melt temperature, crystallinity, etc. and any such change is reflected in
the resistivity values of composite. In this regard, extensive investigations have been
reported by Alig and coworkers, such as destruction and formation of networks in
PC-MWNT composites under shear deformation in a rheometer [172]. The formed
electrical network due to secondary agglomeration during annealing is broken down
instantly under shear deformation, but is reformed quickly in absence of shear forces.
Further, they investigated cluster aggregation kinetics whereas with increasing anneal-
ing time, the resisitivity of the composites reduces several orders of magnitude and
the storage modulus of the composites also increases. Such formation of electrically
conducting MWNT network in PC and PA6 in was also investigated in a twin screw
extruder [173]. Further, in contrast to electrical network deformation due to shearing,
it has been demonstrated in [174, 175] that shearing can be used to stimulate CNT
network formation. In PC containing well dispersed 1 wt% MWNT the conductivity
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increases several orders of magnitude due to the shear induced network formation.
Thus, shearing can be used for conductor insulator transition of MWNT composites.
A study on dynamic percolation of MWNT agglomerates is reported in [176].
Electrical resistivity measurement of the produced composites is a very useful
method to see the impact of variation in material and processing conditions on com-
posite electrical properties. Pötschke et al. [117] used dielectric spectroscopy to see the
influence of melt compounding conditions on the resistivity of composites produced by
masterbatch dilution. The resistivity of composites near percolation threshold MWNT
content was found to be sensitive to variation in processing condition. Le et al. [7]
employed the method of online measured electrical conductance to characterise and
study the influence of variation in material and technological parameters on the state
of MWNT dispersion in rubber. In their method, an electrode is placed in the mixing
chamber of an internal mixer, and the development of electrical signal with time is
observed. Lowering of viscosity of natural rubber till an optimum level was found to
be useful for enhancing MWNT dispersion.
Such electrical resistivity measurement are used also in several filler polymer sys-
tems, whereas from the measured resistivity values, the state of filler dispersion is
judged. For e.g. O’Farrel et al. [177] measured electrical resistivity of different rub-
ber composites prepared by eighteen different CB in nine different polymers. They
observed that depending on CB type, as the dispersion improves composite resistivity
may increase significantly. Based on the similar idea of conducting network forma-
tion, Le et al. [150] used the method of online measured electrical conductance. By
observing the development of electrical signal with time the state of filler dispersion
can be correlated. From electrical conductance signals it was observed that the black
incorporation time was significantly reduced when high mixing speeds are employed
in SBR-CB system.
3.3.3 Rheological properties and percolation
When fillers are added in polymer melt, its viscosity and modulus increases. In Fig. 3.9,
sketches illustrating the behaviour of viscosity and modulus of filled polymer melts are
shown. Concerning viscosity of melt, when no filler or very less filler is present in the
melt, usually it shows Newtonian behaviour at low shear rates and shear thinning be-
haviour at higher rates. At a certain filler content, the melt no longer shows Newtonian
behaviour at low frequencies and appears typically as illustrated in plot (Fig. 3.9a),
this concentration is described as rheological percolation threshold concentration. At
this concentration the mobility of the polymer chains are hindered due to the presence
of additional network of filler. At higher filler contents, the melt has purely shear thin-
ning behaviour. This reflects the state of network formation between the filler and the
polymer chains which enhances the elastic properties and induces changes in the melt
viscosity of the matrix polymer especially vissible at low frequencies /shear rates.
Similarly for storage modulus (Fig. 3.9b), at a certain filler content, the modulus of
the melt increases and becomes independent at low frequencies. This filler concentra-
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tion is described as percolation threshold for modulus. At higher contents, the modulus
is stable and independent of the angular frequency.
The rhelogical percolation threshold is analogous to electrical percolation threshold
and for a constant frequency it is stated as:
G′ ∝ (m−mc)s for m > mc (3.7)
where G′ is the storage modulus, m is the filler loading, mc is the filler loading at
percolation threshold, and s is the critical exponent.
(a) (b)
Figure 3.9: Sketches illustrating rheological behaviour (a) ﬂuid viscosity [178] and (b) storage
modulus [179].
Thus, in similar way for several polymer-MWNT systems such rheological perco-
lation threshold is determined and reported in literature. For example, Pötschke et al.
[180] found the rheological percolation in PC at 1.25 wt% MWNT content. The deter-
mination of such rheological percolation is influenced by several factors. For instance
they observed a strong temperature dependence and the percolation threshold changed
from 5 wt% to 0.5 wt% by changing temperature from 170◦C to 280◦C. Apart from
temperature dependency, several factors such as the state of dispersion, the aspect ra-
tio of MWNT etc. have been found to influence the rheological percolation threshold.
Huang et al. [181] observed that to obtain composites having melt viscosity that re-
mains stable with time, MWNT must be completely dispersed otherwise the measured
composite melt viscosity could be higher than the actual. For instance, to obtain PDMS
composites with 1 wt % MWNT having stable melt viscosity, 1000 rpm mixing speed
needs to be applied for 100 min using a box type container mixer. Fan and Advani
[182] observed that composites having better CNT dispersion or made with higher
aspect ratio of MWNT had higher storage and loss modulus as compared to the com-
posites prepared with poor dispersion or lower aspect ratio. Similar observation was
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reported by Pujari et al. [183] in PP-composite melt. Du et al. [4] found rheologi-
cal percolation to be lower than the electrical percolation threshold in PMMA-SWNT
composites. Better dispersion of nanotubes, less alignment and longer polymer chains
result in more restrained mobility of the polymer chains, which in turn leads to the
lower rheological percolation thresholds.
Several examples can be found in literature where this method is employed to de-
termine rheological percolation thresholds for diffferent fillers in different polymer
systems. However, it is quite seldom that this method is used for optimising extru-
sion conditions. Lertwimolnum et al. [184, 185] used melt rheology to find the proper
content of compatibilizer and optimized extrusion condition for manufacturing of PP-
layered silicate composite. Modesti et al. [186] used the method of dynamic mechan-
ical analysis to optimise the extrusion conditions of PP-nanoclay composites. In both
examples, as better dispersion of filler leads to an increase in the storage modulus of
composites, and the maximum modulus was chosen as a criterion to determine the
best extrusion conditions. Münsted et al. [187, 188] applied a different method and
demonstrated the use of creep recovery compliance to characterise network formation
of nanoclay and nanosilica particles in PMMA matrix. Recently, Triebel et al. [189]
applied this method on PMMA composites prepared by using nanoclay, nanosilica and
MWNT. They reported that the method of creep recovery compliance could be used
to differentiate the quality of dispersion espescially at lower loadings where no differ-
ences where observed optically. At longer recovery time, the composites with better
dispersion had higher values of recoverable compliance.
3.3.4 Other methods
Apart from microscopy, electrical and rheological measuremensts, several other ana-
lytical methods are used for monitoring the state of dispersion or the effects on the
composite properties. In the following paragraphs the applications of some of these
methods are briefly described.
A non microscopic method which is used to directly characterise the quality of dis-
persion is X-ray diffraction. This method gives a general qualitative idea about the
state of dispersion. However, unlike microscopy, this method is applicable only for
some limited filler polymer system. This method is extensively applied for fillers like
nanoclay, whereas some information concerning intercalation can be derived. As far
as CNT based composites are concerned, McNally et al. [190] employed Wide angle
X-ray diffraction (WAXD) to characterize the state of MWNT dispersion in PE com-
posites. In WAXD, the scattering intensity is plotted as a function of 2θ angle. They
observed that the characteristic 2θ peak of MWNT was missing in PE composites con-
taining upto 10 wt% MWNT, indicating very good dispersion of MWNT agglomerates
in PE matrix. Recently Brühwiller et al. [191] employed position resolved Small an-
gle X-ray scattering (SAXS) to observe the state of MWNT agglomerate dispersion
in PC. The scattering intensity is plotted as a function of the magnitude of scatering
vector. The MWNT-containing samples have noticeably higher scattering at particular
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spots, with more of these with increasing MWNT content indicating inhomogeneous
distribution of the MWNTs. Inhomogenity in the scatring intensity was assigned to in-
homogenity of dispersion and this observation was supported with optical micrographs
whereas undispersed MWNT agglomerates were clearly visible.
As mentioned before wide angle X-ray diffraction has been used extensively for
nanoclay-polymer composites. The shift of scattering intensity peak towards lower
angle reflects improvement in intercalation. For example, Raka et al. [192] observed
better intercalation of nanoclay in polypropylene when PP-g-MA was used as compat-
ibilizer. Chu et al. [193] reported that better intercalation of MMT was obtained during
melt mixing in high viscosity HDPE as compared to low and medium viscosity HDPE.
However, it is quite seldom that WAXD is used for finding optimum mixing conditions,
for instance, Lertwimolnum and Verghes [184], and Lin et al. [194], have employed
this method for comparing different screw configurations and extrusion conditions and
determining the best one for manufacturing of PP-nanoclay composites.
The crystallisation behaviour of semi-crystalline matrix polymer can be influenced
by the addition of fillers. Nanofillers acts as the crystallisation sites and crystallisation
increases depending on available surface area. Thus, the crystallisation behaviour is in-
fluenced depending upon the quality of filler dispersion or filler content or any surface
treatment of the filler and is observed using Differential scanning calorimetry (DSC).
The nucleation action of nanotubes in a crystallisable polymer matrix is proportional
to the amount of nanotube surface. Thus, at better dispersions as higher surface area is
available for crystallization, the melting enthalpy was found to be higher [5, 183, 195].
The degree of exfoliation of MMT influences crystallisation of matrix as reported in
literature [186, 192, 194, 196–198].
Some methods like Raman and TGA have also been used to characterise the state of
dispersion. For instance, Du et al. [4] used the method of RAMAN imaging to observe
the differences in the dispersion of wet and dried SWNT in PMMA. The intensity of
the G-band was recorded on a 40 x 40 µm spots to create the Raman maps. The maps
were compared to differentiate the quality of CNT dispersion. In some examples, Ra-
man spectroscopy is applied for analysing the size of latex particles in aqueous disper-
sion [199]. Thermo gravimetric analysis (TGA) is also used to observe the improve-
ment in thermal stability by improving CNF dispersion in high impact polystyrene
(HIPS) [200]. Methods like online ultrasonic monitoring to observe filler dispersion is
also under development as reported in e.g. [149, 201–204].
For characterising dispersion several other methods are used however as these meth-
ods are under development or are not used commonly. Methods like small angle light
scattering [205] was used in characterising dispersion of CaCO3 in PP and PS matri-
ces. Relative intensity of scattered light is plotted as a function of the wavenumber and
based on the Rayleigh-Gans scattering and Mie scattering theories particle size distri-
butions of prepared compounds were analyzed. Hess et al. [206] used measurement of
surface roughness for characterising dispersion of CB in rubber. The authors developed
a dispersion indices based on average number of roughness peaks and peak heights.
Some advanced methods are also under development and coming up in this field. For
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exampls, Mills et al. [207] employed X-ray mapping to assess dispersion of a flame
retardent (Mg(OH)2) in ethylene vinyl acetate. A devise which is a combination of
scanning electron microscopy, energy dispersive X-ray and multifractal image analysis
was used. Visualisation of filler particle spatial arrangement was achieved using X-ray
signal and dispersion quality assessed with the aid of the multifractal spectrum. The
method can be very useful for highly filled systems. Wu et al. [208], used the method
of X-ray ultramicroscopy for analysing dispersion of CaCO3 in PA 6. This technique
provides well contrasted and spatially resolved two dimensional images which can be
used to construct three dimensional images illustrating the distribution of uneven sized
CaCO3 in PA 6 matrix. A further advanced method of microtomography [209] is also
under use for characterising morphology.
It should be noted that these tools are generally employed for a qualitative evaluation
of the properties of composite assuming a certain relationship to the state of dispersion.
In most cases the results have to be supported by microscopic methods.
3.4 Inﬂuence of variation in melt processing
conditions on the state of ﬁller dispersion
In section 2.2.1., steps involved in the filler dispersion during polymer melt compound-
ing are described. Processing conditions like the configuration of the mixing element,
mixing speed, barrel or melt temperature, processing or residence time, etc. affect the
state of filler dispersion. These factors affect shear rate, melt viscosity etc. and ulti-
mately the applied shear stress and stress exposure time. The melt processing of poly-
mer filler composites is being extensively investigated and reported in literature. Apart
from few examples available in literature, characterization tools are seldom used to
systematically investigate influence of processing conditions on the state of dispersion.
Accessing the quality of filler dispersion is very important to differentiate the impact
of different processing conditions on dispersion. In the following paragraphs, some of
those examples from literature are discussed, where such tools are used for drawing
useful conclusions on the state of dispersion. To begin with the examples dealing with
CNT composites are discussed followed by other filler polymer system.
Leer et al. [210] investigated the state of MWNT dispersion in polycarbonate com-
posites produced using a micro-single screw extruder. Based on optical micrograph
analysis they found that longer compounding time achieved by up to three pro-
cessing cycles yielded better MWNT dispersion. Andrews et al. [211] characterized
polypropylene - MWNT composites by applying OM and TEM. They reported that
the state of dispersion improved drastically as the mixing energy was increased dur-
ing melt compounding in a batch mixer either by increasing mixing speed or mixing
time. Furthermore, from TEM investigations on nanotubes extracted from the com-
posite they concluded progressive tube shortening with increasing mixing energy. Lin
et al. [120] observed the state of MWNT dispersion in polycarbonate composites pro-
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duced by masterbatch dilution in different miniature mixers. On the basis of qualitative
TEM investigations to characterize the state of MWNT dispersion, they recommended
a mixer with the best mixing efficiency. In addition, AFM was used to analyse the tubes
extracted from the composites and their length distribution was evaluated in order to
quantify the effect of breakage, which was found to be small and similar for all mixers.
Krause et al. [212] prepared polyamide 6-MWNT composites under different process-
ing conditions using a small scale compounder. Based on quantitative analysis of OM
images of produced composites, it was observed that by incorporating high mixing
energy dispersion improved significantly but composite resistivity worsens. Pegel et
al. [119] prepared PC-MWNT composites by masterbatch dilution using a small scale
compounder. Based on qualitative TEM investigation, it was concluded that better dis-
persion is obtained at conditions were high hydrodynamic stresses are applied by low-
ering the processing temperature. Li and Shimizu [127] produced MWNT-elastomer
(SEBS) composite using a lab scale discontinuous ultra high shear compounder. From
qualitative SEM investigations, high shear due to high mixing speed was found to be
quite good for dispersion. The mechanical properties such as the tensile modulus, ten-
sile strength and elasticity of the composites processed at a high-shear rate were found
to be much higher than those of the composites processed at a low shear rate. Masuda
and Torkelson [5] and later Pujari et al. [183] prepared composites first with shear pul-
verizing MWNT with PP and subsequently melt compounding. Better dispersion was
observed in shear pulverized composites as compared to only melt compounded ones.
This affected the crytalisation kinetics of PP composites, whereas during isothermal
crstalisation rapid crystallisation occurs in composites produced by using shear pul-
verisation. In some very recent investigations, Villmow et al. [213] manufactured PCL
masterbatches containing 7.5 wt% MWNT using five different screw configurations
and varrying throught put and mixing speed in a continuous extruder. Best dispersion
was obtained using a longer screw with distributive profile. Furthermore, low through
put was found to be beneficial for dispersion.
Composite electrical conductivity is sometimes correlated to the state of dispersion.
Pötschke et al. [117], applied dielectric spectroscopy for PC based composites pro-
cessed in a small scale mixer under different mixing speeds and times. Composites
near percolation threshold concentration were found to be sensitive to the processing
condition. Le et al. [7] reported the state of dispersion of MWNT in natural rubbers
varying in melt viscosity by using online measured electrical conductance. Lowering
the viscosity of the starting rubber until an optimum level resulted in faster MWNT
agglomerate dispersion at a certain mixing speed. This was related to the optimal bal-
ance between infiltration speed of rubber chains into MWNT agglomerates and the
shear stress transferred by the mechanical forces in the mixer. Furthermore, dispersion
was observed to be faster in polar rubbers. The observations were in agreement with
optical microscopy investigations. Micušík et al. [214], diluted a PP-MWNT master-
batch with other PPs of varying viscosity. Lower resistivity values or lower electrical
and rheological percolation threshold were obtained for composites based on low melt
viscosity or low molecular weight matrices. Hermant et al. [215] produced PMMA
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and PS latex based MWNT composites. Lower percolation threshold was observed in
composites which had higher fractions of lower molecular weight polymer.
To produce composites free of un-dispersed agglomerates is very crucial not only
for CNT based composites but also for other filler based composites. The un-dispersed
filler agglomerates act as the imperfections (stress concentration points) in the matrix
and cause failure in early states of mechanical testing. For instance, in a study of CB
dispersion in LLDPE [216], it was found that apart from filler amount, the quality
of filler dispersion is also crucial. In new and weathered composites, elongation at
break was significantly better in the composites which had better dispersion of CB. In
some other studies it is reported that the impact strength and modulus of composites
decreases due to the poor dispersion or higher filler loading as reported in [217] and
[218]. At higher filler loading, dispersion is poor because very large filler volume is
available which needs to be wetted in relatively short melt compounding time.
In producing PP-layered silicate composites, Dennis et al. [219], used four different
extruders and different screw configurations. Fixed mixing conditions concerning tem-
perature, feed rate and mixing speed were applied, thus the only difference arisen was
in residence time distribution and applied shear stress as different extruders were used.
Increasing mean residence time helped in improving the exfoliation and dispersion
as it enhances polymer chain diffusion into agglomerates. If low mixing speed was
applied then longer residence time was found to be useful for dispersion. Excessive
shear intensity or back mixing lead to poor exfoliation and poor dispersion, although
certain shear intensity was definitely needed to start the dispersion process. In their
study, it was found that using non intermeshing screws gave best result even though
none of the screw used in the work was optimised. Modesti et al. [220], discussed
the effect of processing condition on dispersion of organically modified layered sili-
cates in a PP matrix. Two temperature profiles and two screw speeds were applied for
composite manufacturing in a twin-screw extruder. In contrast to the results discussed
by Dennis, they observed that for better exfoliation residence time is not a significant
factor but only high shear stress is important. They obtained best exfoliation using a
low temperature profile and high speeds. Lertwimolnun and Varghese [221] studied
the dispersion of layered silicates in polypropylene and polypropylene-grafted maleic
anhydride composites using an internal mixer. Mixing times were varied for a fixed
mixing speed and mixing speeds were varied for a fixed mixing time. The interca-
lation was achieved much quicker than the time needed for exfoliation of nanoclay.
The exfoliation of nanoclay increases with increasing mixing speed however, beyond
certain mixing speed dispersion does not improve significantly (observed by modulus
and viscosity value). Further, using a twin screw extruder it was observed that at lower
throughput, dispersion or exfoliation of nanoclay was better than higher throughput
[185]. In the studies reported by Fornes et al. [222], Gianelli et al. [223], and Chu et
al. [193] better dispersion is claimed to have achieved by using high melt viscosity
matrices thereby applying high shear stresses as compared to low and medium vis-
cosity matrices. However, these studies are reported on observed tendencies based on
experiments where only a single/fix mixing speed was employed.
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Le et al. [150] investigated the influence of technological parameters such as vari-
ations in mixing speed, temperature and rotor type on dispersion of CB in rubber by
optical microscopy investigation and the method of online measurement of electrical
conductance. Using the highest speed resulted in the best dispersion of CB. Increasing
compounding temperature by 30◦C had no effect on dispersion. For used rotors, at a
given speed Roller and Cam had higher shear rate as compared to Banbury, but the heat
generated by roller was quite high leading to decrease in viscosity. No conclusion was
drawn, but it seems Roller followed by Cam yielded better dispersion as compared
to Banbury. Koolhiran and White [224] used intermeshing and separated tangential
screws to study the quality of CB and silica dispersion in SBR. Based on microscopy
results, intermeshing screws were found to have better dispersion then separated tan-
gential ones. Coran and Donnet [67] investigated dispersion of CB in natural rubber.
Increasing mixing speed till certain level resulted in good dispersion, beyond which
the dispersion remains unaffected. Further, high structured CB was found to be better
dispersible than low structured one and the CB with high surface area was found to
be difficult to disperse. As far as effect of matrix parameters are concerned, in another
study Le et al. [225] investigated influence of matrix properties on CB dispersion. CB
dispersion was observed to be faster in sSBR (as it is linear) as compared to eSBR
(as it is branched). CB dispersion was faster in low molecular weight as compared
to high molecular weight matrices. Moreover, CB dispersion was better in polarised
(epoxidised) rubber as compared to un-polarised one as long as the flexibility of poly-
mer chain is not affected. Roland et al. [52] melt mixed CB with linear and branched
poly isobutylene and based on electrical resistivity measurements and DMA found that
dispersion of CB was poor in branched as compared to linear polyisobutylene.
In preparation of CaCO3 composites, Gendron [148] studied dispersion of CaCO3
in polypropylene using a twin screw extruder. Lower filler loading, lower throughput,
and medium mixing speed resulted in better dispersion of CaCO3. Suetsugu [147],
melt compounded PP-CaCO3 composites at different throughput and different mixing
speed. At higher speeds, as resulting melt temperatures were high and so the melt
viscosities were low. By quantitative analysis it was found that the dispersion of CaCO3
improved drastically as the melt temperature increases. Further, the tensile strength and
impact strength of the composites found to be improving as the dispersion increases.
Wang et al. [226] compared CaCO3 composites produced in a plasticorder and in a
twin screw extruder and found that relatively uniform samples were produced using the
later. Lozano et al. [227], found that very high pressure in compounding can compress
the agglomerates thus affecting its dispersion.
Dispersion of fillers like glass fibres and carbon nano fibres (CNF) are also reported
in literature. Kuroda and Scott [62] investigated dispersion quality of glass fibres in
polystyrene using an internal mixer and four different rotors namely, Roller, Banbury,
Cam and Sigma. Based on the dispersion rate as a function of required energy input,
Sigma rotor was found to be the most effective one and Banbury rotor was the least
efficient. Kota et al. [205] investigated thermal stability of HIPS CNF composites pre-
pared by solvent casting and melt processing routes. Since dispersion was better in
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melt processed composites, the thermal stability of these composites was good. Fur-
ther, when higher mixing speeds are applied as more CNF disperses and more surface
area of CNF becomes available, the composite becomes thermally stable. Tjong et al.
[228] investigated the effect of crystallinity on CNF dispersion. Matrices used were PS
(amorphous), LDPE (low crystallinity), and HDPE (high crystallinity). By qualitative
investigations, dispersion was observed to be better in amorphous and in weakly crys-
tallized LDPE as compared to highly crystalline HDPE. The aspect ratio of the filler is
also a crucial parameter, for instance in a thermoplastic-CNF composites [164] it was
observed that as the fibre aspect ratio decreases, percolation threshold increases.
In summary, influence of technological and material parameters on dispersion can
be different for different polymer filler system or used equipment. High mixing speeds,
low throughput and lower filler loadings are helpful to improve the dispersion quality.
Effect of melt temperature or melt viscosity is unclear and is not adequately investi-
gated. In some instances, high temperatures or low melt viscosities found to be good
whereas in some other low temperatures were used to apply high shear stress for filler
dispersion. The equipments in which high shear stresses can be realised are recom-
mended for composite manufacturing, for instance for thermoplastic materials it is
preferable to use extruder than to use internal mixers. However, excessive high pres-
sure or shear intensity can compact the agglomerates and reduce its dispersion. Using
linear polymers have advantage over branched ones for filler dispersion.
3.5 Inﬂuence of additives on ﬁller dispersion
Additives for plastics are substances which on dispersion in a polymeric material mod-
ify the behaviour of polymeric materials with regard to processing and/or improves the
desired properties of final products [229]. Nevertheless, additives or surface treatment
of filler can act as an aide to disperse filler materials. They can be helpful in weaken-
ing agglomerate strength or reducing the surface tension between the polymer and the
fillers, thus facilitating the filler dispersion. Additives can also enhance the mobility
of the matrix polymer allowing faster diffusion and thus better dispersion of filler ag-
glomerates. Some additives can react with the surface active group present on the filler
surface and the polymer chains thus causing better dispersion, better filler adhesion,
and thereby resulting in improvement of the composite properties.
In polymer-CNT composites additives are also being used to enehance filler dis-
persion. Nevertheless, clear morphological evidence showing the effect of additive on
dispersion is rare and seldom reported in literature. However, such additives might re-
duce the electrical resistivity or percolation threshold of MWNT in composites. For
example, Das et al. [230] in manufacturing of sSBR and BR blend based rubber com-
posites used non-ionic surfactants and ethanol for pre-dispersing MWNT. Percolation
threshold was found to be significantly reduced to 2 phr in composites prepared using
pre dispersed MWNT as compared to 7.5 phr in composites in which MWNT were
added directly. Kodgire et al. [231], added sodium salt of aminohexanoic acid (Na-
49
3 State of the art in processing and characterization of polymer-ﬁller composites
AHA) in nmaufacturing of PA 6-MWNT composites. It is stated that the MWNT and
the Na-AHA have “cation-pi” interaction which resulted in significant lowering of per-
colation threshold as well as electrical resistivity values of composites in comparison
to those prepared without Na-AHA. Bhattacharya et al. [232, 233] proposed the usage
of styrene maleic anhydride (SMA) copolymer as “compatibilizer” in producing PA
6 and PA 12-SWNT composites. The mechanical properties of the composites were
found to be improved by using SMA. It is stated that polystyrene block of SMA can
have can “cation-pi” interaction with SWNT and maleic anhydride block can react with
hydroxylic acid end groups of polyamides, thus SWNT can be better “anchored” to the
matrix and therby improving its mechanical properties. significantly improve proper-
ties of composites. In some cases an additional filler is added into MWNT composites
to observe synergestic effects. For example, Bao et al. [234] observed that the percola-
tion threshold of composites got reduced by adding CaCO3 in PP-MWNT composites.
In other polymer-filler systems additives are being extensively used either for ob-
taining better filler dispersion or for better composite property. For instance addition
of silane coupling agents during compounding of silica with rubber has been found to
be very useful for silica dispersion. The silane undergoes reaction with the hydroxyl
groups present on the surface of silica and also reacts with the matrix polymer. Thus,
resulting composites have enhanced silica dispersion and tremendous improvement in
mechanical properties. solution styrene butadiene rubber-silica composites thus find
tremendous applications in tire industry. Similar approach of reacting hydroxyl group
on silica with maleic anhydride (MA) present in polymer is used for producing poly-
mer composites. For these, polymer-g-MA are used as compatibilizers for instance,
Pöllännen et al. [235] used PE-g-MA for PE nanosilca composites, Bikiaris et al. [236]
used PP-g-MA for PP nano silica composites etc., in both examples some improvement
in mechanical properties of composites was observed. Further, Wu et al. [237], grafted
various polymers on precipitated nanosilica and melt compounded them with PP. The
composites prepared with grafted nanosilica had relatively better mechanical proper-
ties as compared to un-grafted ones. Donato et al. [238] used immidazolium salts that
react with silica as an additive in PP-silica composites to improve composite proper-
ties.
Additives has been used also for producing CaCO3 filled composites. Gendron [148]
reported that in twin screw extrusion, CaCO3 coated with stearates had better disper-
sion in PP composites in comparison to the un-coated ones. Wang et al. [226, 239],
treated CaCO3 with stearic acid and liquid titanium coupling agent (LICA) and pro-
duced melt compounded PP composites. The stearic acid coated composites had dra-
matically increased impact toughness as compared to un-treated and LICA treated
CaCO3 composite. The surface treatment of CaCO3 reduces the size of largest undis-
persed agglomerate. Lazzeri et al. [240] observed that treating CaCO3 with stearic acid
increases the impact strength of composites. Lozano et al. [227] observed that by using
stearic acid treated CaCO3 leads to formation of beta phase in PP, thus some changes
in the crystallinity of PP phase is induced.
Apart from adding additives in polymer matrices, often the fillers are treated. For
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instance, to facilitate the dispersion of nanoclays in polymer, they are quite often
surface modified. Such organically modified nanoclays disperse very well in poly-
mer matrices. The effect is primarily due to two main reasons, such organic modi-
fication helps to intercalate clay platelets by widening the galleries present between
them and thus reducing the Van der Waals forces of attraction amongst them. Further-
more, such organic modifications also lower the interfacial energy between fillers and
matrix polymer thereby resulting in the enhanced quality of dispersion. Yoon et al.
[241] used twelve different amine salts to organically modify nanoclays and produced
PC composites. The composites produced by modified nanoclay having polyoxyethy-
lene and octadecyl alkyl tails shows the most significant improvement in modulus and
leads to partially exfoliated platelets in TEM microphotographs. The miscibility of the
poly(ethylene oxide) tail with PC is attributed for better exfoliation of nanoclay. The
results points to organoclays with tails miscible with the matrix polymer as a route for
polymer nanocomposites with high levels of platelet exfoliation. Bae et al. [242] used
different chain lengths of organic modifier in nanoclay. The nanoclay having organic
modifier with longest chain length (C18) dispersed best in comparison to C12 and
C8 in hydroxy terminated polybutadiene. Yalcin et al. [152] treated nanoclay with di-
octyl phthalate and obtained good exfoliation in PVC. Kang et al. [243] obtained better
properties of EPDM nanoclay composites by modifying EPDM and nanoclay both by
maleic anhydride. In several work, instead of modifying the filler, using Polymer-g-
MA as a compatibilizer resulted in the improved filler dispersion. Several examples
can be found in the review from Sinha Ray and Okamoto [244] and the references
therein. Further, Ratnayke and Hawroth [245] used a polar amide additive in addition
to PP-g-MA compatibilizer to disperse nanoclay in PP. Nguyen and Baird [246] found
supercritical CO2 can be an useful aid for nanoclay exfoliation and dispersion during
melt compounding.
In summary, adding additives can definitely improve filler dispersion. In this regard
only important issue is to find the correct additive and right method of incorporating
additive.
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4.1 Materials and characterization
4.1.1 Polymers
Bisphenol A based polycarbonate was used to perform most of the experiments re-
ported in this work. As polycarbonates, a low viscosity grade Makrolon R© 2205, a
medium viscosity grade Makrolon R© 2600, and a high viscosity grade Makrolon R© 3108
were procured from Bayer MaterialScience AG, Germany. These polycarbonates have
a density of 1.2 g/cm3. The molecular weight of these polymers was determined by
gel permeation chromatography (GPC) using THF as solvent and the melt viscosities
were determined by using an ARES rheometer.
For some experimental results reported here, polyamide 12 was employed (Vestamid R©
L1600 supplied by Evonik Degussa GmbH, Germany). This polyamide 12 was a low
viscosity grade and has density of 1.03 g/cm3. It was mainly used in producing com-
posites with additives.
4.1.2 Multi-walled carbon nanotubes
As multiwalled carbon nanotubes, mainly Baytubes R© C150HP were used in this work
(supplied by Bayer MaterialScience AG, Germany). These MWNT are of high purity
grade i.e. with a lowered catalyst residue amount and were produced by the manu-
facturer specifically for polycarbonate matrices. The nanotubes were produced by the
catalytic chemical vapour deposition process and were supplied as agglomerates. As
per the product data sheet [247], the carbon purity of this highly purified material is
> 99%, the outer mean nanotube diameter is reported to be in the range of 13-16 nm,
the length of the tubes is in the range of 1 - 10 µm, and their bulk density is 140 - 230
kg/m3. This MWNT base material was subjected to following characterisation.
a) Particle size analysis
The agglomerate size distribution of the as delivered MWNT powder was deter-
mined by laser diffraction using a Helos/BF particle size analyzer coupled with a
RODOS dry dispersion unit and an ASPIROS micro dose module (Sympatec GmbH,
Clausthal-Zellerfeld, Germany). A pressure of 0.5 bar was used for the measurements.
The measurement range of the equipment is 4.5 - 875 µm. The volume weighted ag-
glomerate size distributions were calculated in accordance to the Fraunhofer method.
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b) SEM investigation
The scanning electron microscopy (SEM) of as delivered MWNT agglomerates was
carried out using a Carl Zeiss - Ultra plus scanning electron microscope (Carl Zeiss
SMT, Ford Lauderdale, USA). The un-sputtered MWNT agglomerates were placed
directly on an aluminium sample holder coated with conductive silver paste.
c) Density determination
To determine the density of MWNT agglomerates, helium pycnometry was per-
formed using an Ultrapycnometer 1000T. The device works on the principle of pres-
sure difference of helium gas in a chamber, in presence and absence of sample. Molecules
of the helium gas usually do not adsorb on the surface of sample and can penetrate eas-
ily in the pores of agglomerates.
d) Porosity determination
The porosity of the MWNT agglomerates was determined by following the pro-
cedure and the calculation details described by Pegel [116]. The procedure is briefly
explained in appendix.
e) Powder conductivity measurement
The conductivity of the starting MWNT powder material was determined by using a
powder conductivity measuring cell in combination with a Keithley 2001 Multimeter.
The cell and the software required to operate, measure and record conductivity was
made in house (IPF). The cell (inner diameter: 5 mm) is made up of a thick PMMA
cylindrical tube and is placed between two gold plated electrodes to measure conduc-
tivity. The electrical conductivity is measured under the pressure of 30 MPa. In each
trial approx. 0.07 - 0.08 g of powder was used.
For a part of the investigations, these MWNT agglomerates were sieved and sep-
arated into certain size classes (using a Fritsch sieving equipment, sieving amplitude
2, time 20 minutes). The separated size fractions were: over 500 microns (top cut),
355-400 microns, 100-125 microns, and below 63 microns (bottom cut).
4.1.3 Polymer MWNT composites
For performing some compression moulding experiments, PC composites containing
1 and 2 wt% MWNT (Baytubes R© C150HP) were used (manufactured and supplied by
Bayer MaterialScience AG, Germany). The composites were produced by using a twin
screw extruder and probably by direct compounding of MWNT with PC.
4.1.4 Additives
4.1.4.1 Non-ionic surfactants
To study the effect of surfactants on the dispersion and the properties of polymer
MWNT composites, commercially available non ionic surfactants were used. They
were Brij R© 78 (Polyethylene glycol octadecyl ether / Polyoxyethylene 20 stearyl ether,
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melting point 44-46◦C, waxy solid at room temperature) and Tween R© 40 (Polyoxyethyle-
nesorbitan monopalmitate, mol. wt. 1277, viscous liquid at room temperature). Both
surfactants were obtained from Sigma Aldrich (Brij and Tween are registered trade-
mark of Croda International PLC).
4.1.4.2 Higher fatty acids
To study the effect of fatty acids on the dispersion and the properties of produced
composites, stearic acid was used in producing PC-MWNT composites by small scale
compounding as well as by extrusion and injection moulding.
4.2 Melt Processing
4.2.1 Melt compounding
4.2.1.1 Small scale compounder
A DACA micro-compounder (DACA Instruments, USA, as shown in Fig. 4.1) repre-
sents a discontinuous, small-scale, co-rotating twin-screw micro-compounder with a
bypass and a filling volume of 4.5 cm3 was used for melt mixing. In this compounder,
mixing parameters such as mixing temperature, speed and time can be easily con-
trolled and the torque values can be monitored. The material was added stepwise in
the running micro-compounder and a charge of 4.2 g material was processed during
each experiment. The material was taken out as a strand (diameter ∼ 2 mm) using the
set screw speeds through the heated cylindrical die into air without additional cooling
or drawing.
The mixing energy E (in J) introduced during composite processing was calculated
using the following equation:
E =
t∫
0
P dt =
∫
N · 2pi · τ dt (4.1)
where, P is the engine output dependent on the time, N is the mixing speed in revo-
lution per minutes (rpm), τ is the torque (in Nm), which was measured time dependent
during the mixing process, and t is the mixing time (in min). The specific mixing en-
ergy (in J/cm3) was calculated for the volume of micro-compounder of 4.5 cm3.
The applied shear stress was calculated using equation 4.2:
τapplied = K
′ · η · γ˙ (4.2)
The shear rate γ˙ was evaluated following ref. [248]:
γ˙ =
pi · (D − 2 δ) ·N
δ
(4.3)
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Figure 4.1: Image of Daca micro-compounder (a) full view of equipment, (b) open barrel
with screws and marked recycle channel.
where, K ′ = 2.5 (for spherical particles) [249], D is the screw diameter (9.725 mm)
and δ is the screw clearance with barrel (100 µm), and N is the mixing speed in rps. Vis-
cosity η values at applied shear rates γ˙ were taken from viscosity-shear rate datasheets
provided by polycarbonate manufacturer [250].
4.2.1.2 Twin screw extruder
To produce a large quantity of PC (Makrolon 2600)-Baytubes C150HP composites (up
to few kg), a co-rotating twin-screw extruder (Berstorff ZE 25) having a screw diameter
of 25 mm and a length of 1200 mm (L/D = 48) was used. The mixing speed was kept
at 500 rpm. The barrel temperature profile was set to 280◦C-300◦C. The throughput
was 5 kg/h. The compounding was done in four sets.
In the first set, a polycarbonate masterbatch was produced consisting of 8 wt%
MWNT. To have a reference, neat polycarbonate was also extruded.
In the second set, the masterbatch was diluted to produce eleven composites con-
sisting of 6, 5, 4, 3, 2, 1, 0.75, 0.5, 0.3, 0.2 and 0.1 wt% MWNT.
In the third set, polycarbonate with 4 wt% MWNT and 4 wt% additives were pro-
duced.
In the fourth set, the masterbatch containing additive was diluted to produce eight
composites containing 3, 2, 1, 0.75, 0.5, 0.3, 0.2 and 0.1 wt% MWNT and the same
content of additive.
The extruded strands of each set were water cooled as they emerged from the ex-
truder die and were then granulated. PC, MWNT, additive and extruded granules (mas-
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terbatch and diluted compounds) were dried at 80◦C overnight before each processing
step. To study the effect of temperature profile during extrusion on the properties of the
composites, set 1 and 2 were repeated by Göldel [251] using a low barrel temperature
profile (260◦C-280◦C).
4.2.2 Compression moulding
The composites were compression molded into plates using a Weber hot press (Model
PW 40 EH, Paul Otto Weber GmbH). In this press, pressing temperature, pressing time,
and pressing speed can be controlled. A square metallic (brass) frame with dimensions
of 80 mm x 80 mm and 1 mm thickness was used for the pre-compounded composites
(Bayer composites see chapter 4.1.3). For materials produced from the DACA micro-
compounder and the twin screw extruder, a circular frame with a diameter of 60 mm
and a thickness of 0.5 mm was used. A polyimide film and a brass plate were used on
each side of the frame to support the material. An additional pair of iron plates was
used to prevent the composite melt spillage on hot press. The PC -MWNT composite
in the shape of granules or about 1-2 cm long pieces of extruded strands were placed
inside the frame. The material was then evenly spread in the central part of the frame.
In order to get good quality bubble free plates, a pressing procedure was developed.
The frame and plates were placed inside the hot press and the press was closed so that
both the upper and the lower hot press plates were in contact with the iron plates. A
stable desired temperature was obtained within the initial 2.5 minutes and a uniform
composite melt is produced. During this time the force on the press plates was between
0 to 2 kN. After the initial 2.5 minutes, the press was opened by moving away the upper
hot plate by a certain distance (ca. 4 mm) and then the press was again closed with the
defined pressing speed. To uniformly fill the entire frame with the polymer melt and
to remove the air bubbles, the force on the plates was then increased stepwise within
next 1.5 minutes (as shown in Fig 4.2). The force was increased from 0 kN to 20 kN
and then released. In the next step the force was again increased from 0 kN to 50 kN
and then again released. Depending on the pressing speed the material was hold at 50
kN force for different time. Before the end of 4th minute, finally the applied force was
again increased to 100 kN. The stepwise increase in the pressure causes uniformity in
thickness, complete mould filling, and minimises the bubble content. The pressing time
is the time for which the material was pressed at full force of 100 kN (see Fig. 4.2).
After the required pressing time is completed, the sample was removed from the
press and cooled down immediately using chilled plates (-5◦C to 10◦C) so as to freeze
the internal morphology of the pressed plate.
For materials obtained from the DACA micro-compounder, a press temperature of
265◦C (or otherwise stated), a pressing speed of 6 mm/min, and a pressing time of 1
min were applied so as to minimize any effects arising from the compression molding
conditions on electrical resistivity. For premixed Bayer compounds, different condi-
tions were applied and are discussed in the result section.
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Figure 4.2: Procedure describing compression molding illustrating stepwise increase of force
corresponding to pressing time (only for explanation, not drawn with scale. Full
line represents 95 or 50 mm/min and dotted line represents 6 mm/min).
4.2.3 Injection moulding
To produce the standard specimens for tensile test, the melt extruded PC composite
material was injection moulded (Dr. Boy, BOY 22 A HV) following the specifications
for “small tensile test bar 1BA, ISO 527-2”. The barrel temperature profile set during
injection moulding was 275◦C - 320◦C, and mould temperature was 125◦C. Same
moulding conditions were applied for specimens produced by Göldel [251].
4.3 Composite characterization
4.3.1 Electrical resistivity measurement
Electrical volume resistivity measurements were performed either on compression
moulded plates or on strips (length ∼ 20 mm, width ∼ 7 mm) cut from these plates,
depending upon their resistivity values. For high resistivity samples (resistivity > 107
Ohm·cm), a Keithley Electrometer 6517A combined with an 8009 Resistivity Test
Fixture equipped with ring electrodes was used. For samples having lower volume
resistivity, the measurements were performed on strips using a four-point test fixture
combined with a Keithley Multimeter DMM 2000. The four-point test fixture has gold
contact wires with a distance of 16 mm between the source electrodes and 10 mm be-
tween the measuring electrodes. The images of the resistivity measuring devices are
shown in Fig. 4.3.
The volume resistivity was measured at 24◦C and 40% relative humidity. Before
measurements, the surfaces of the samples were cleaned with ethanol. For each speci-
men, two measurements were made for the high resistivity samples, and four measure-
ments were made for the low resistivity samples.
Statistical analysis
For statistical analysis of the experiments performed using factorial experimental
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Figure 4.3: Images of resistivity measuring devices.
designs the STATGRAPHICS PLUS statistical software was applied. For the analysis,
logarithmic values of the measured volume resistivity in Ohm·cm (log10 resistivity)
were used. By fitting the processing parameters (variables) and experimental results,
regression equations were generated. In the regression equations that are mentioned
here, only the main factors are incorporated. The analysis of variance (ANOVA) was
used to calculate correlation coefficient R2. Estimated response surface charts [252]
of the experimental results indicating measured value and the model plane fitted by
using the regression equations are shown as they reflect the general trend of result in
correlation with processing conditions. Pareto charts [253] illustrating the standardized
effects are used to distinguish between factors and interaction factors with and without
statistical significance to the process or experimental design under investigation. It
displays the absolute values of the effects along with a reference line. Any factor or
factor combination that extends beyond this reference line is considered potentially
important [254].
4.3.2 Microscopic investigations
4.3.2.1 Optical microscopy and image analysis
The state of CNT dispersion has been characterized by transmission optical microscopy.
For each sample a series of thin sections with 20 µm thickness has been prepared from
extruded strands (perpendicular to the extrusion direction) using a RM 2055 micro-
tome (Leica, Germany) at room temperature. A glass knife with a cut angle of 35◦
was used. Transmission microscopy was performed on these thin sections and the mi-
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crographs were imaged with a BH2 microscope equipped with a camera DP71 (both
Olympus), using 10X objective and 20X ocular magnifications considering the entire
cross-sectional area.
The optical micrographs have been analysed by means of the digital image process-
ing software ImageJ [255]. The cumulative area of the projected CNT agglomerate
system has been used as one quantity to characterize state of dispersion. Principally,
in case of thin sections this quantity reflects the agglomerate volume fraction only
indirectly, since the number of agglomerates involved into the projection increases de-
pending on the section thickness. However, in the present case the error due to section
thickness is small as compared to the observed effects. In Fig. 4.4, an image of optical
microscope along with a scheme of image analysis process is shown.
Figure 4.4: Image of optical transmission microscope and a scheme illustrating image anal-
ysis process.
From the cumulative area, the agglomerate area ratio A (area of observed agglom-
erates / area of micrograph, in %) has been determined. Further, all un-dispersed ag-
glomerates are classified as per the size classes based on their area equivalent diameters
(each size class has the width of 10 µm). For agglomerates from each size class, their
number (per mm2) and their area ratio (cumulative area in that size class related to
the micrograph area) were evaluated. Agglomerates with diameters smaller than 1 µm
were not used for interpretation. To have a sufficient statistics of the measured values,
at least six to eight images from four different positions along the length of the strand
were used for analysis, leading to an investigated area of at least 3.6-4.8 mm2.
4.3.2.2 Transmission electron microscopy
TEM was performed on 80-100 nm thin sections cut at room temperature from ex-
truded strands (perpendicular to extrusion direction) using a Carl Zeiss Libra or a
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Philips Tecnai 20 FEG transmission electron microscope. For imaging, an accelera-
tion voltage of 120 KV and a zero loss filter were employed.
4.3.3 Tensile test
The standard test specimens prepared by injection moulding were investigated using an
universal testing machine [Zwick]. The load cell used for tensile testing was an Instron
Static Load Cell with a 2.5 kN capacity. The standard DIN EN ISO 527-2/1BA/ 50 was
followed for the tensile testing. A test speed of 50 mm/min was employed. To obtain
good statistical values ten specimens were tested for each sample. For the examples
reported in [251], a test speed of 5 mm/min was applied.
4.3.4 Density measurement
The density of the PC-MWNT extruded composites (without additives) was measured
to estimate the density of the MWNT. For this the composites were compression
moulded into cylinders (diameter: 13 mm, height: 15 mm) under vacuum at 180◦C,
for 3-5 minutes. The weight of all compression moulded cylinders was measured. Two
methods were applied to measure composite density. In first method, the weight and
the volume of the cylinders were used and in second, the buoyancy of the cylinders
was used.
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5.1 Characterization of used materials
5.1.1 Polymers
In this work three different types of polycarbonate were used. In order to verify the
difference among the used polycarbonate types, their matrix molecular weight and the
melt viscosity were measured. The molecular weights of the polycarbonates used in
this work were measured and summarised in Table 5.1
Table 5.1: Volumetric melt ﬂow,MVR1 and molecular weights (M2w,M
2
n, PD
2) of diﬀerent
polycarbonates
Polycarbonate MVR (cm3/10 min Mw Mn Poly-dispersity
@ 300◦C/1.2 kg) (g/mol) (g/mol)
Makrolon 2205 36 20,100 7,700 2.62
Makrolon 2600 12.5 26,200 9,500 2.76
Makrolon 3108 6 29,800 11,400 2.62
1 MVR from material data sheets.
2 The molecular weights were determined by GPC using THF as solvent.
The melt viscosities of the polycarbonates were determined using an ARES rheome-
ter. In Fig. 5.1a, the complex viscosities of Makrolon 2600 at different temperatures
are plotted versus frequency. With increasing melt temperature, the melt viscosity de-
creases significantly. In Fig. 5.1b, the zero shear viscosities of all three polycarbonates
at different temperatures are shown. The plot was used to determine the temperatures
at which the viscosity levels of all three polymers were same. The plot also reflects
the viscosity difference between the three polymers at 280◦C and other temperatures.
As expected, polymers with high molecular weights have high melt viscosity. The
melt viscosity levels at the desired temperatures were cross-verified by performing
frequency sweeps (see appendix).
The zero shear complex viscosity values and temperatures are mentioned in the text
at appropriate positions. As the frequency range of the used rheometer was limited, to
calculate applied hydrodynamic stress values, viscosity-shear rate data available from
polycarbonate manufacturer were used (see appendix).
Polyamide 12 (Vestamid L1600) having a MVR of 60 (cm3/10 min @ 230◦C/ 2.16
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(a) (b)
Figure 5.1: (a) Complex viscosity vs. frequency of Makrolon 2600, (b) Complex viscosity vs.
temperature of all three polycarbonates (performed using dynamic temperature
step sweep, 0.1 rad/s, 2 % strain)(level 1 and 2 represents temperature at which
viscosity level in all three PC was same).
kg) was used in limited experiments to produce composites with additives. The com-
plex viscosity and molecular weight of this polymer was not determined.
5.1.2 Multiwalled carbon nanotubes
Next to the information given in the data sheet, the MWNT (Baytubes C150HP) ag-
glomerates were characterized concerning their size and other properties, to know the
initial state of the employed material. In Fig. 5.2, the particle size distribution of as re-
ceived Baytubes C150HP is shown. The important characteristic diameters as well as
other measured material properties such as density, porosity and powder conductivity
of MWNT agglomerates are given in Table 5.2.
Table 5.2: Material properties of the used MWNT material
MWNT Characteristic particle Density1 Porosity2 Powder
material diameter (µm) (g/cm3) conductivity
X10 X50 X99 (S·m)
Baytubes C150HP 60 280 600 1.93 0.18 13.4
1 Density determined by helium pycnometry
2 Procedure is brieﬂy described in the annexure
SEM images of Baytubes C150HP as delivered material are shown in Fig. 5.3. At
low magnification, agglomerates of different sizes appear to be quite compact with a
smooth surface. However, when looking deeper inside a fractured agglomerate sur-
prisingly a substructure was observed revealing small agglomerates in the size range
between 1 and 10 microns. The smaller agglomerates are made of individual tubes.
Baytubes C150HP seems to be a good example for “double staged agglomerates” as
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Figure 5.2: Cumulative volume weighted distribution agglomerate size distribution of (as
delivered) Baytubes C150HP.
described by Schubert [16]. Such a substructure could also be visualized in the nan-
otube materials supplied by other manufactures as illustrated in Fig. 1.2 and by Krause
et al. [256].
5.2 Inﬂuence of melt processing conditions on
the state of MWNT agglomerate dispersion
and electrical resistivity
5.2.1 Melt compounding
Determining those technological parameters that can have influence on the dispersion
of MWNT agglomerates during melt compounding is a crucial task. Correct process-
ing conditions are essential in efficient production of good quality composites. Thus,
the investigations were performed to find melt mixing conditions for which the best
MWNT dispersion can be obtained. At first, the percolation threshold of MWNT (Bay-
tubes C150HP) in polycarbonate (Makrolon 2600) was determined. In Fig. 5.4, the
volume resistivity is plotted versus MWNT content illustrating percolation around 1
wt% MWNT content. The compounding conditions employed here were un-optimised
and are stated in the legend of the figure.
In the next step, optimised mixing conditions resulting in the best MWNT disper-
sion and lowest electrical resistivity were determined. From previous investigations
by Pötschke et al. [117], it was expected that the resistivity values of composites near
the percolation threshold concentration are very sensitive to any change in processing
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Figure 5.3: SEM images of Baytubes C150HP (a) as delivered agglomerates; (b, c, and d)
higher magniﬁcations of a fractured agglomerate.
parameters. Thus, according to Fig. 5.4 further investigations were performed with PC
(Makrolon 2600) having 1 wt% MWNT (Baytube C150HP).
For determining the optimal conditions, mixing was performed according to a sta-
tistical experimental design in which two factors (mixing speed and temperature) were
varied at three levels (as described in Table 5.3) at a fixed mixing time of 5 min (which
was set according to the maximum residence time expected in large-scale extrusion).
This resulted in a total of nine compounding experiments.
Table 5.3: Mixing conditions used in the DACA microcompounder
Factors Temperature (◦C) (A) Speed (rpm) (B)
High level 260 50
Medium level 280 100
Low level 300 200
(The diﬀerence in zero shear viscosity of the neat PC melt measured at the applied processing
temperatures can be observed in Fig. 5.1a). Melt viscosity decreases from approx. 1710 Pa·s
at 260◦C to 690 Pa·s at 280◦C and 460 Pa·s at 300◦C.
An increase in mixing speed and lowering of melt temperature causes higher hydro-
dynamic stresses as illustrated in Fig. 5.5a. Similarly, it leads to higher torque values
as recorded during mixing and thereby to an increasing mixing energy as shown in
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Fig. 5.5b.
Representative optical micrographs indicating the state of MWNT agglomerate dis-
persion in the produced composites are presented in Fig. 5.6. Such optical micrographs
were subjected to image analysis to determine the agglomerate area ratio A.
The dependence of the area ratio on mixing speed at different mixing temperatures is
illustrated in Fig. 5.7. At low mixing speeds, the melt temperature has high influence on
dispersion and at high mixing temperatures, large agglomerates remain un-dispersed.
As mixing speed increases, dispersion improves significantly irrespective of the melt
temperature. Interestingly, there is no considerable difference in the area ratio values
at higher speeds, starting at 100 rpm.
In Fig. 5.8, the area ratio A is plotted versus the applied shear stress. At higher melt
temperatures, the decrease in area ratio is significant with increasing shear stress. Sur-
prisingly, although significantly lower shear stresses were applied, at corresponding
higher speeds, the same state of dispersion is observed in composites produced at high
temperature(300◦C) as by using low temperature (260◦C). The area ratio A is plotted
versus the mixing energy in Fig. 5.9. The area ratio decreases with increasing mixing
energy only till a certain level beyond which dispersion does not improve further even
if the mixing energy was nearly doubled. The results imply that applying higher hydro-
dynamic shear stress or mixing energy will not necessarily cause the best dispersion.
The electrical volume resistivity values of composites prepared at different mix-
ing conditions versus the mixing speed are shown in Fig. 5.10. In addition, the value
obtained at 265◦C and 50 rpm is added (from Fig. 5.4). Depending on the mixing
conditions, the difference in the electrical volume resistivity values was found to be
as high as 14 orders of magnitude. Composites prepared at high mixing temperature
and low mixing speed have resistivity values similar to pure PC (1017 Ohm ·cm) and
are electrically not percolated. All other samples are percolated and only small differ-
ences up to two decades are seen between different processing conditions. Irrespective
of the mixing temperature, resistivity decreases by increasing mixing speed up to 100
rpm, whereas further increase of mixing speed to 200 rpm induces a slight increase in
resistivity.
In Fig. 5.11, the volume resistivity is plotted versus mixing energy. Interestingly,
this plot indicates a plateau in electrical resistivity starting at a certain specific mixing
energy of about 1400 J/cm3. The resistivity drops sharply when increasing the mixing
energy up to this value, however enhancing the energy input by either reducing mix-
ing temperature or increasing mixing speed does not change the resistivity much but
a marginal increase is observed. In an investigation on PA6 composites with 5 wt%
MWNT, Krause et al. [212] reported a minimum in resistivity at a mixing energy of
about 1800 J/cm3, and by further enhancing the mixing energy the resistivity values
increased. This indicates that a certain mixing energy is necessary to obtain a state of
dispersion of MWNT leading to low resistivity plateau.
The percolation network formation responsible for low resistivity values is formed
even though the MWNT agglomerates are not fully dispersed. From the results indi-
cated in Fig. 5.9 and Fig. 5.11 it is observed that although dispersion of agglomer-
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Figure 5.4: Volume resistivity vs. MWNT content (wt%) (compounding conditions: 265◦C,
50 rpm, 5 min).
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Figure 5.5: (a) Applied hydrodynamic shear stress vs. mixing speed, (b) Mixing energy vs.
mixing speed (at diﬀerent melt temperatures).
66
5.2 Inﬂuence of melt processing conditions on the state of MWNT agglomerate
dispersion and electrical resistivity
Figure 5.6: Optical micrographs showing dispersion of 1 wt% MWNT in polycarbonate at
diﬀerent mixing conditions (mixing time ﬁxed to 5 min).
ates improves resistivity of composites does not decrease further. However, for im-
provement in mechanical properties of produced composites, it is desired that the un-
dispersed MWNT agglomerates should be minimised.
The transformation of primary agglomerates into well dispersed nanotubes can be
imagined as a combination of different processes which run parallel to each other. Dur-
ing melt mixing, the molten polymer first wets all available surface area of the MWNT
agglomerates. Wetting of MWNT is assumed to be a comparatively fast process. How-
ever, the wetting quality depends on the interfacial energy between nanotubes and the
polymer melt. Good wetting is a prerequisite for polymer infiltration inside the pri-
mary agglomerates. Due to the shear forces present in the compounder, large MWNT
agglomerates are immediately broken up into smaller ones, creating new surface area,
which is again wetted by the polymer melt immediately. This process continues as
long as the shear stresses that are transferred on the agglomerates are higher than the
strength of the agglomerates themselves. In the mean time the small MWNT agglom-
erates start getting distributed in the polymer melt. The smaller MWNT agglomerates
can be dispersed relatively easily into clusters and individual MWNT due to the infil-
tration of polymer chains. In addition, the polymer melt erodes MWNT agglomerates;
thereby nanotubes are separated from its surface, and further distributed within the
matrix. The processes of wetting, infiltration, and erosion will be strongly enhanced
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Figure 5.7: Area ratio A vs. mixing speed for composites produced with 1 wt% MWNT at
diﬀerent temperatures.
Figure 5.8: Area ratio A vs. applied shear stress at diﬀerent mixing temperatures (increasing
mixing speed is indicated by increasing size of symbol).
at lower polymer viscosity and therefore can be enhanced with increasing melt tem-
perature and mixing speed. On the other hand, by having high melt viscosities at high
shear rates; the shear stresses acting on agglomerates can be increased leading to their
fast breakup.
Interestingly, all samples investigated in this study had at least some remaining pri-
mary agglomerates as illustrated in optical micrographs in Fig 5.6. This may be re-
lated to the agglomerated state of the Baytubes materials and the selected restriction
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Figure 5.9: Area ratio A vs. speciﬁc mixing energy at diﬀerent mixing temperatures (increas-
ing mixing speed is indicated by increasing size of symbol).
to a mixing time of 5 minutes and mixing speed of 200 rpm. The dispersion process
that might have occurred causing the conductive network formation of large and small
MWNT agglomerates and free dispersed tubes is discussed in following paragraphs.
The results indicate that at high mixing temperatures (280◦C and 300◦C) and low
mixing speed (50 rpm) the shear stresses generated inside the compounder are too low
(see Fig. 5.8) to break the primary agglomerates efficiently and erosion is probably too
weak to separate enough tubes for the formation of an electrically conductive network.
Thus, there is a poor dispersion consisting of big MWNT agglomerates, clusters, and
only some individual MWNT resulting in very high electrical resistivity values. Large
non-dispersed agglomerates next to only very few dispersed nanotubes can also be
seen in the TEM micrograph shown in Fig. 5.12a. In comparison, at 260◦C and 50 rpm
mixing speed the shear stresses (see Fig. 5.8) are high enough to break the primary
agglomerates into smaller ones (see Fig 5.6c). The smaller agglomerates along with
separated tubes form an electrical network which causes considerable reduction in vol-
ume resistivity (Fig. 5.10). In the TEM micrograph (Fig. 5.12b) smaller non-dispersed
agglomerates next to some separated MWNTs can be observed.
At 100 rpm mixing speed the volume resistivity was reduced as compared to 50 rpm
(Fig. 5.10) and all composites were conductive having similar resistivity values irre-
spective of the processing temperature. At the same time the dispersion was enhanced
significantly resulting in smaller agglomerates (Fig. 5.6 (d, e, f)) and a decrease of the
area ratio A (see Fig. 5.7). Under these mixing conditions, obviously in all cases suffi-
cient shear stresses (Fig. 5.8) were generated for the breakdown of agglomerates into
smaller ones and at the same time due to erosion of MWNT from agglomerate sur-
faces, enough tubes were available leading to the formation of electrically conductive
network. In context with the quite different applied shear stresses and mixing energy
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Figure 5.10: Volume resistivity vs. mixing speed at diﬀerent mixing temperatures.
Figure 5.11: Volume resistivity vs. mixing energy at diﬀerent mixing temperatures (increasing
mixing speed is indicated by increasing size of symbol).
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inputs at the different mixing temperatures, it may be assumed that at low mixing tem-
perature (260◦C) dispersion is more pronounced by agglomerate breakage whereas at
high temperature (280◦C, 300◦C) dispersion is predominated by wetting and infiltra-
tion of polymer chains into MWNT agglomerates followed by the erosion processes.
For composites prepared at 200 rpm mixing speed a slight increase in resistivity
as compared to 100 rpm was observed, whereas that of the sample mixed at 280◦C
remained nearly constant (Fig. 5.10). The size and number of MWNT agglomerates
were reduced considerably as compared to 100 rpm as seen in the optical micrographs
(Fig. 5.6 (g, h, i)). The TEM micrograph of the composite prepared at 280◦C and 200
rpm (Fig. 5.12c) indicates a very good dispersion and distribution of MWNT with a
much higher amount of dispersed tubes than seen at lower mixing speed. It has to be
taken into account that lowest shear stresses were applied at 300◦C followed by 280◦C
and highest at 260◦C. Under these conditions, a good balance between the dispersion
by agglomerate rupture and dispersion by erosion seems to be achieved. The slight
resistivity increase might be caused by tube shortening and reduction in aspect ratio;
however this was not investigated.
Figure 5.12: TEM micrographs showing dispersion of MWNT in polycarbonate at diﬀerent
mixing conditions: (a) 280◦C, 50 rpm; (b) 260◦C, 50 rpm; (c) 280◦C, 200 rpm
According to these investigations, the best quality of CNT macrodispersion com-
bined with the lowest value of volume resistivity is observed for the mixing conditions
of 280◦C and 200 rpm. Surprisingly, at this condition the applied shear stress and the
mixing energy input is not the maximum. Nearly the same low value of resistivity
was achieved for 300◦C and 100 rpm; however, the agglomerate dispersion was con-
siderably poor (see Fig. 5.7). Plotting the volume resistivity versus the area ratio A
(Fig. 5.13) revealed that a certain level of dispersion is needed to get low resistivity
values. Above that level the resistivity does not decrease anymore and seems to have
reached a plateau value. However, for most applications along with low resistivity also
good mechanical properties are required, which may be negatively affected by such
remaining un-dispersed agglomerates.
Statistical analysis of the melt mixing experiments based on three levels, two factors
factorial experimental design was carried out to determine the main influencing factors
affecting the resistivity (as log (volume resistivity)). The regression equation is:
log10 (volume resistivity [Ohm·cm]) = -53.1678 + 0.295995*A [◦C] + 0.0699972*B
[rpm] -0.00165023*A*B [◦C, rpm] + 0.00132609*B2 [rpm2]
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where A represents the mixing temperature and B the mixing speed. The analysis of
variance (ANOVA) leads to a correlation coefficient R2 values of 84%.
The estimated response surface chart in Fig. 5.14a for log10 resistivity is a 3D plot
showing measured values and the model areas fitted using the regression equations of
log (volume resistivity). This chart clearly indicate a general trend in resistivity under
varying mixing temperature and mixing speed. From the fitted model shown in the es-
timated response surface chart of log (volume resistivity) (Fig. 5.14a), an asymmetric
“U” shaped trend versus mixing speed can be seen whereas a linear resistivity increase
is fitted versus temperature at low speed and a slight decrease at high speed. In ad-
dition, some deviations of the measured points from the surface charts can be seen
especially at low speed and low temperature which is also reflected in the relatively
low correlation coefficient of 84%. The shape represents the decrease in resistivity
with mixing speed and the slight increases at maximum mixing speed as well as the
big differences at low temperature but small ones at high temperatures. The decrease
in resistivity versus speed was expected as higher shear forces lead to better dispersion
and distribution of MWNT agglomerates whereas the unexpected trend of increase in
resistivity at maximum speeds irrespective of mixing temperature may be attributed to
breakage of tubes and seems to be overestimated in the model.
In Fig. 5.14b, Pareto chart indicate that for log (volume resistivity) only the factors
mixing speed (B) and square of the speed (BB) extend beyond the reference line. Thus,
according to the model only these two factors show significant influence on resistivity.
However, it should be noted that the influence of mixing temperature as seen clearly in
the resistivity values at 50 rpm seems to be not sufficiently reflected by the model.
To see the effect of optimized mixing conditions on percolation threshold of Bay-
tubes in PC in comparison with non-optimized, the Baytubes were compounded at
optimised mixing conditions (in our case 280◦C mixing temperature, 200 rpm mixing
speed). The percolation threshold of Baytubes C150HP in PC is illustrated in Fig. 5.15.
At 1 wt% concentration, lower resistivity values can be seen for optimized conditions
as compared to non optimized mixing condition. However, in context with the set con-
centrations percolation threshold deems to be not changed significantly. At concen-
trations higher or lower than the percolation concentration, no significant differences
can be seen between both mixing conditions. This indicates that the electrical proper-
ties of composites with CNT are sensitive to processing conditions especially near the
percolation concentration.
5.2.2 Compression moulding
Compression moulding of extrudates to produce final products is not usually applied
in industry for thermoplastic composites. However, it is an easy and cheap shaping
process to obtain composite specimen in some desired shape and is extensively em-
ployed in scientific research activities. This method can be used for finding crucial
technological parameters, which have influence on composite properties, like electri-
cal resistivity. Thus, one can get a good hint for producing composites by injection
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Figure 5.13: Volume resistivity vs. area ratio A (increasing mixing speed is indicated by
increasing size of symbol).
(a) (b)
Figure 5.14: (a)Estimated response surface chart of log (volume resistivity) in correlation to
mixing conditions, (b) Pareto chart indicating the inﬂuencing factors and their
combinations on log (volume resistivity) of melt mixed composites (A: Mixing
temperature, B: Mixing speed).
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Figure 5.15: Percolation threshold of Baytubes C150HP in polycarbonate composites pro-
duced under diﬀerent mixing conditions.
moulding. The compression moulding investigations were performed to find techno-
logical parameters that have pronounced influence on important composite property
like electrical resistivity. For performing these investigations, PC compounds, near and
above the percolation threshold, having 1 and 2 wt% MWNT content were selected
(see chapter 4.1.3). The granules were compression moulded by varying conditions
such as moulding temperature, moulding time, and moulding speed using a three-level
and three-factor factorial experimental design as described in Table 5.4, resulting in 27
experimental conditions.
Table 5.4: Compression moulding conditions
Factors Temperature (◦C) (A) Speed (mm/min) (B) Time (min) (C)
High level 300 95 7
Medium level 280 50 4
Low level 260 6 1
In Fig. 5.16 (a, b), the effect of pressing time at different pressing conditions on
the volume resistivity is shown for PC with 1 wt% MWNT. At a pressing time of 1
min, resistivity decreases strongly with increasing temperature by almost 7-8 decades.
Secondly, by increasing the pressing time at 260◦C, resistivity decreases strongly. A
decrease in resistivity with increasing time can also be observed at 280◦C, whereas at
300◦C, resistivity values remained nearly constant at quite low values of about 100-
200 Ohm·cm over pressing time. It can be seen that pressing temperature followed
by pressing time have strong influence on the resistivity of these composites, whereas
pressing speed has a low impact and does not show clear tendencies. At high temper-
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atures, low pressing time is needed for low electrical resistivity, whereas at low melt
temperatures, much longer time is needed to reach comparable states.
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Figure 5.16: (a) Volume resistivity of PC + 1 wt. % MWNT in dependence on moulding
time, (b) (magniﬁcation of ﬁg. 15a).
The morphological investigations (OM and TEM) were performed on selected sam-
ples containing 1 wt% MWNT. In optical micrographs shown in Fig. 5.17, no differ-
ence is observed in the macrodispersion state of MWNT agglomerates. In TEM images
shown in Fig. 5.18, clear difference in nano-scale morphology is observed between the
remaining primary agglomerates of these composites depending on the compression
moulding conditions. At higher temperature and longer moulding time (Fig. 5.18a),
the formation of some secondary nano-scale agglomerates of nanotubes is induced.
Such formation of secondary agglomerates is not visible in composites prepared at
low temperature and short moulding time (Fig. 5.18b).
Figure 5.17: Optical micrographs of PC + 1 wt% MWNT samples prepared under variation
of compression moulding conditions: (a) as extruded composite; (b)260◦C, 6
mm/min, 1 min; (c) 260◦C, 50 mm/min, 4 min; (d) 260◦C, 50 mm/min, 7
min; (e) 280◦C, 50 mm/min, 4 min; (f) 300◦C, 95 mm/min,1 min.
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Thus, the lowering of resistivity is due to conductive network formation by nano-
scaled secondary agglomeration of MWNT in the polycarbonate melt, and is enhanced
with increasing compression molding temperature and time. The results presented here
clearly indicate that the lowering in resistivity due to secondary agglomeration is a
time - temperature dependent process. Since pressing speed was shown to have only
marginal influence, it is assumed that orientation of nanotubes in plate direction or for-
mation of a frozen oriented skin layer (as shown for injection molded samples [141]
are not dominant effects in these experiments. The results are in agreement with sec-
ondary agglomeration processes of individualized nanotubes as discussed by Pegel et
al. [119] and described in a model by Alig et al. [172], and viscosity and time depen-
dent diffusivity and reorganization of MWNT in PS latex as mentioned by Grossiord
et al. [97]. The results from this study have important impact on injection molding
of MWNT filled polymers, where especially the increase in melt temperature can be
helpful in decreasing the resistivity of finished products. To study the effect of com-
pression molding conditions on volume resistivity of the percolated composite with
2 wt% MWNT the same factorial experimental plan was applied. In Fig. 5.19, the
volume resistivity of these composites is plotted versus moulding time at different
pressing conditions.
At this MWNT concentration, PC-MWNT composites are electrically percolated.
Due to high loading of MWNT, the effect of different pressing condition is very low;
however similar tendencies can be observed as in case of PC + 1 wt% MWNT com-
posites. Starting from resistivity values lower than 160 Ohm·cm, the differences in
the resistivity values are within 1 decade, thus secondary agglomeration probably also
occurring here cannot reduce the resisitivity drastically.
Summarizing, very high attention has to be paid when comparing the results of
samples which are near the percolation threshold. Compression moulding conditions
have to be mentioned as well as a judgment, if the measured values represent more
likely a state near the initial one (as produced by mixing, preserved at low temperatures
and less time) or a state near the equilibrium where resistivity has reached a minimum
(at high temperatures and long time).
Statistical analysis of compression molding experiments, which are performed using
a three levels and based on the three factors factorial experimental design was carried
out to determine influencing factors affecting the resistivity (as log (volume resistivity).
The regression equations are as following:
PC + 1 wt% MWNT:
log10 (volume resisitivity [Ohm·cm]) = 405.091 - 2.66032*A [◦C] - 6.44611*C [min]+
0.0043856*A2 [◦C2] + 0.0218201*A*C [◦C, min]
PC + 2 wt% MWNT:
log10 (volume resisitivity [Ohm·cm]) = 21.8971 - 0.127442*A [◦C] - 0.41715*C [min]
+ 0.000197924*A2 [◦C2] + 0.00139606*A*C [◦C, min]
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Figure 5.18: TEM micrograph of PC + 1 wt% MWNT samples prepared under variation of
compression moulding conditions: (a) as extruded composite (b) 260◦C, 1 min,
6 mm/min; (c) 260◦C, 4 min, 6 mm/min; (d) 300◦C, 7 min, 95 mm/min.
Figure 5.19: Volume resistivity of PC + 2 wt% MWNT compound in dependence on mould-
ing time.
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where, A represents the moulding temperature, B represents the speed, and C repre-
sents the time. The analysis of variance (ANOVA) leads to a correlation coefficient R2
value of 92.2% and 93.8% for PC with 1 and 2 wt% MWNT, respectively.
The estimated response surface charts in Fig. 5.20 (are plotted at the reference
moulding speed of 50 mm/min) indicate the general trend in log resistivity values
along with pressing temperature and time. In both estimated response surface charts
(a) (b)
Figure 5.20: Estimated response surface chart of log (volume resistivity) in correlation with
compression moulding parameters (a)for PC + 1 wt% MWNT (b)for PC + 2
wt% MWNT.
similar and clear tendencies can be seen, whereas as already discussed in PC + 1 wt%
MWNT (Fig. 5.20a) resistivity changes are much larger as compared to PC + 2 wt%
MWNT (Fig. 5.20b).
The Pareto charts as shown in Fig. 5.21 indicate for both MWNT amounts that
the factors compression moulding temperature followed by the moulding time and
the product of temperature and time (or time-temperature interaction), as well as the
square of the temperature extend beyond the reference line indicating the significance
of their influence on the resistivity of the composites. The Pareto charts indicate that
for both composites pressing speed has no significant influence.
(a) (b)
Figure 5.21: Pareto chart indicating the inﬂuencing compression molding factors and their
combinations on log (volume resistivity) of (a)for PC + 1 wt% MWNT (b)for
PC + 2 wt% MWNT. (A: Temperature, B: Speed, C: Time).
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Summary and conclusion
Variations in technological parameters during melt processing of PC + MWNT com-
posites have influence on their state of CNT dispersion and electrical resistivity. Some
interesting and technologically useful observations were made by melt compounding
polycarbonate with 1 wt% MWNT. Applying harsh conditions during compounding
such as using low melt temperatures (high melt viscosities) at high mixing speeds
does not necessarily lead to the best state of dispersion. Better or equivalent state of
dispersion can be obtained at relatively soft conditions of applied hydrodynamic stress
by using high melt temperatures at high mixing speeds. Applying harsh conditions can
lead to compaction of agglomerates, making them more difficult to disperse. MWNT
agglomerate dispersion is sensitive to the steps involved in filler dispersion. Using high
melt viscosities limits the diffusion or infiltration of chains into agglomerates, thus the
dispersion is predominately driven by the applied stress driven which is known as rup-
ture mechanism. At low melt viscosities, the mobility of polymer chains is high and
so they can diffuse or infiltrate relatively easily into the agglomerates. This can re-
duce the MWNT agglomerate strength significantly causing their dispersion at much
lower applied shear stress. Such diffusion of polymer chains in agglomerates also al-
lows the removal of small agglomerates, clusters, bundles, or individual tubes from the
surface of a big agglomerates by the erosion mechanism. However, there is a need to
understand the dispersion process of such MWNT agglomerates in detail. In following
chapters an attempt is made to address this issue.
Depending on the compounding conditions, electrical resistivity of composites with
1 wt% MWNT can vary significantly from 103 Ohm·cm to 1017 Ohm·cm. Interest-
ingly, as the state of MWNT agglomerate dispersion improves, electrical resistivity
significantly decreases but only till a certain plateau value. From compression mould-
ing experiments of polycarbonate with 1 wt% and 2 wt% MWNT it was observed that
electrical resistivity is highly sensitive to moulding temperature and time. High melt
temperature or prolonged heating at low melt temperature yields composites with low
electrical resistivity. This lowering of electrical resistivity is attributed to secondary ag-
glomeration of previously dispersed MWNT. The electrical properties of polycarbon-
ate with MWNT are especially sensitive to melt processing conditions near percolation
threshold concentration.
5.2.3 Twin screw extrusion and injection moulding
PC (Makrolon 2600) - MWNT composites were melt processed using a twin screw
extruder. Taking lead from the experience gained from small scale melt mixing exper-
iments, high melt temperatures and mixing speeds were applied (avoiding harsh mix-
ing conditions) and learning from literature, low throughput and longer residence time
[148, 185, 210, 219], were used. A throughput of 5 kg/h and screws having L/D ratio
of 48 were employed with relatively high temperature profiles of 280◦C - 300◦C (here)
and 260◦C - 280◦C (by Göldel [251]). The first aim was to see the effect of variation
in temperature profile during extrusion on mechanical properties of injection moulded
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composites. The second aim was to study the influence of MWNT concentration on
mechanical properties. The third aim was to study the percolation concentration of the
used MWNT in injection moulded composites. The fourth aim was to determine the
density of used MWNT based on 100 % concentration set by extrapolating the com-
posite sample densities. Thus, PC composites containing 0.1 - 6 wt% MWNT were
produced by masterbatch dilution.
The injection moulded specimens were subjected to tensile tests. In Fig. 5.22, stress-
strain behaviour of PC-MWNT composites are shown. With increasing MWNT con-
tent, strain at break decreases as well as there is increase in the scattering of values
of strain at break. The results of stress-strain behaviour is analysed and in Fig. 5.23
yield stress, yield strain, stress at break, strain at break, and E-modulus is plotted vs.
MWNT content. In addition to these results, the results from Göldel [259] are shown
(in blue).The effect of increasing MWNT content on yield stress, yield strain, and E-
modulus was not observed. The only effect was observed in stress at break and strain at
break, whereas with increasing MWNT content from 0.1 wt% to 1 wt% stress at break
decreases from approx. 70 MPa to 55 MPa and strain at break decreases from approx.
125% to 85%. Further increase in the MWNT content up to 6 wt% does not further
reduces stress and strain at break. It was un- expected and surprising that the yield
stress and E-modulus does not increase with increasing MWNT content, this indicates
no reinforcement in composites by added MWNT.
Interestingly, the strain at break values were considerably better (using high melt
temperature profile) than the composites produced using low melt temperature pro-
file (Göldel [251] (in blue)). This indicates better filler dispersion in the composites
produced using high temperature profile. The tensile test from Göldel [251] (in blue)
were performed at low test speed (5 mm/min) as compared to the one reported here
(50 mm/min, in red). Although high test speeds were used, the composites had higher
strain at break values and so were relatively ductile. The finding from small scale mix-
ing to use high melt temperatures at high mixing speeds to produce composites with
good MWNT dispersion seems to be useful for minimising un-dispersed MWNT con-
tent even in twin screw extruder.
To investigate the possible reasons for reduced mechanical properties, the state of
MWNT agglomerate dispersion in composites was qualitatively investigated using op-
tical microscopy. At low filler loadings (Fig. 5.24 a (0.1 wt%), b (0.5 wt %), c (1
wt%)), dispersion seems to be quite good, however some large un-dispersed agglom-
erates can be found in the matrix (Fig. 5.24 d - f). Such few remaining un-dispersed
agglomerates can act as stress concentration point in the composites leading to sample
break in earlier stages of the tensile test. At higher MWNT concentration, more large
agglomerates were found (Fig. 5.24 g (4 wt%), h (5 wt%), i (6 wt%)). In literature, so
far minimum size and concentration of MWNT agglomerates that causes least damage
to the composite properties are not detailly investigated. In PP-CaCO3 composites,
Suetsugu [147] observed that agglomerates larger than 10 microns were detrimental
for the mechanical properties of composites.
To find the electrical percolation threshold concentration, the electrical resistivity
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Figure 5.22: Stress-strain behaviour of PC-MWNT composites(a) neat PC, (b) PC + 0.5
wt% MWNT, c) PC + 1 wt% MWNT, d) PC + 3 wt% MWNT, e) PC + 5
wt% MWNT, f) PC + 6 wt% MWNT.
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Figure 5.23: Composite properties derived from stress-strain behaviour shown in ﬁgure 5.22
additional values of composites produced in low temperature proﬁle (shown in
blue) are from Göldel [251] (a) Yield stress vs. MWNT content, (b) Yield strain
vs. MWNT content, (c) Stress at break vs. MWNT content, (d) Strain at break
vs. MWNT content, (e) E-modulus vs. MWNT content.
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Figure 5.24: Optical micrographs of melt extruded PC composites containing MWNT: (a,
d) 0.1 wt% (b, e) 0.5 wt% (c, f) 1 wt% (g) 4 wt% (h) 5 wt% (i) 6 wt%.
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of the injection moulded tensile bars as well as compression moulded plates (pro-
duced using extruded granules) were measured and is plotted versus MWNT content
in Fig. 5.25. In the compression moulded samples percolation threshold was observed
at approx. 1 wt%, and in injection moulded tensile bars (prepared under non-optimized
condition) at 5 wt% MWNT content. It is a well established fact that the resistivities
of composites produced by injection moulding are higher as the MWNT get oriented
in injection direction especially in the surface layer of the injected samples [149].
Figure 5.25: Volume resistivity (of compression and injection moulded samples) vs. MWNT
content (The resistivities of injection moulded samples below 5 wt% content
were too high to be measured with strip resistivity measuring device).
To determine the density of the MWNT inside the composite, a method similar to the
one used by Schaffer [109] is used. The extruded granules were compression moulded
into cylinders (see sub chapter 4.3.4) which were used to determine the composite
density. In Fig. 5.26, inverse density of composites is plotted versus MWNT content.
The points were linearly fitted and using the fitting equation the MWNT density was
extrapolated to be 1.856 g/cm3 (by geometry method) and 1.912 g/cm3 (by buoyancy
method) (see appendix 8.3 for calculations). The values are quite close to the direct
measurement using helium pycnometry (1.93 g/cm3). As some un-dispersed agglom-
erates are present in the extruded composite, values might not be totally accurate.
Summary and conclusion
In tensile test better strain at break was obtained for composites extruded using
higher temperature profile indicating better filler dispersion as compared to composites
produced by applying low temperature profile. However, more extensive investigations
are needed to draw final conclusions on effects of temperature profile during extrusion
on mechanical properties of composites. Surprisingly no reinforcement in mechani-
cal properties of composites was observed even at very low content, probably due to
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Figure 5.26: Inverse density vs. MWNT content (see appendix 8.3 for calculations).
few un-dispersed agglomerate. Although quantitative image analysis was not carried
out, it was observed that the agglomerates of size 5 - 10 µm could be detrimental for
mechanical strength of composites.
The investigations were done on a non-optimized screw configuration whereas op-
timization of screw profile may improve dispersion. In a very recent work by Villmow
et al. [213], it was found that using a distributive screw profile lead to better dispersion
of MWNT agglomerates as compared to dispersive screw profiles. Unfortunately, the
mechanical properties of these composites were not measured and thus a comparison
is not possible. Nevertheless, more experimental work is needed to determine extru-
sion conditions able to completely disperse all MWNT agglomerates. At the same
time experimental work is necessary to determine the minimum acceptable size of un-
dispersed agglomerate which will not harm the mechanical properties of the produced
composites.
In the composites injection moulded under non-optimised conditions, the percola-
tion threshold of the used MWNT material in PC was found to be 5 wt%. Based on
three experimental methods, the average density of the used MWNT material is found
to be approximately 1.899 ± 0.038 g/cm3.
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5.3 Inﬂuence of matrix properties on MWNT
agglomerate dispersion
The steps involved in the filler dispersion process are discussed in subchapter 2.2.1.
After MWNT incorporation in the melt, they are wetted and infiltrated by the melt,
and subsequently dispersed and distributed in the matrix. The step of infiltration or
diffusion of melt into agglomerates depends on the mobility of the polymer chains.
Such infiltration reduces the MWNT agglomerate strength so that for their dispersion
lower applied hydrodynamic or shear stresses are needed. In addition, in the shear
flow tubes, smaller agglomerates, or clusters can be erroded from the surface of ag-
glomerates. To illustrate the process of matrix infiltration, in Fig. 5.27 a TEM image
of a MWNT agglomerate undergoing dispersion in a polycarbonate melt is shown.
The melt infiltrates the agglomerates and tubes from the surface of the agglomerate
are being separated and dispersed in the melt.
Figure 5.27: TEM micrograph illustrating matrix inﬁltration and subsequent separated
MWNT due to the erosion from the agglomerate surface.
5.3.1 Variations in matrix melt viscosity
In the previous subchapter 5.2.1, the effect of variation in melt temperature and mixing
speed on the dispersion of MWNT agglomerate was reported. As only one PC type
was used, by varying the melt temperature also the melt viscosity was varied. The
results indicated that if the agglomerates are diffused or infiltrated with polymer melt,
very good dispersion could be obtained even by applying low hydrodynamic stresses.
It is necessary to verify this finding and to understand the importance of viscosity
on agglomerate infiltration and thus on the dispersion process. For this investigation
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three different PC varying in molecular weight (and thus varying in melt viscosity,
see subchapter 4.1.1) were selected. To investigate the influence of melt viscosity on
MWNT dispersion, melt compounding temperature (barrel temperature) was set at
280◦C. The zero shear viscosities of these low, medium, and high viscosity matrices
were 240 Pa·s, 720 Pa·s and 1240 Pa·s respectively.
To apply different shear stresses, mixing speeds of 10, 30, 50, 75, 100, 150, 200,
250, and 300 rpm were employed, thereby using the complete mixing speed range of
the Daca micro-compounder.
5.3.1.1 Investigation of MWNT agglomerate dispersion
Optical micrographs of composites prepared from the PC with different viscosity at
selected mixing speeds are shown in Fig. 5.28.
Figure 5.28: Optical micrographs illustrating the state of agglomerate dispersion of 1 wt%
MWNT in PC with diﬀerent melt viscosities at selected mixing speeds.
In Fig. 5.29, the area ratio A (ratio of area of un-dispersed agglomerates to micro-
graph area), is plotted versus mixing speed. At lower mixing speeds, relatively larger
sizes of agglomerates resulting in higher A were observed in the matrix with the low
viscosity as compared to medium and high viscosity matrix. However, as higher mix-
ing speeds were employed, the difference in the state of MWNT agglomerate disper-
sion between the PC narrows. Interestingly, above a certain mixing speed, here on and
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above 200 rpm, the difference in the state of dispersion becomes marginal. Thus, using
high mixing speeds results in similar states of dispersion of CNT agglomerates in all
matrices.
Figure 5.29: Area ratio A vs. mixing speed of PC - 1 wt% MWNT composites with diﬀerent
matrix viscosity.
To analyse the rate of morphology development in different PC matrices with in-
creasing mixing speed, the relative change in the area ratio (1- (AX/A0) i.e. the relative
decrease in the area of un-dispersed agglomerates (AX , at any mixing speed x in cor-
relation to the area A0 at 10 rpm) was evaluated. These relative changes in area ratio
are plotted versus the mixing speed for all three PC matrices in Fig. 5.30 illustrating a
common curve. Irrespective of matrix viscosity and the initial state of dispersion, ap-
prox. 90% change in area ratio was realised by increasing mixing speed from 10 rpm
to 300 rpm.
In Fig. 5.31, the applied shear stress (calculated using equation 4.2) for the PC
varying in melt viscosity is plotted versus the mixing speed. Obviously, higher shear
stresses are exerted by the high viscosity matrix as compared to the lower viscosity
ones. The difference in the applied shear stress becomes more evident as the mixing
speed increases.
The applied shear stress is responsible for the evolution of the morphology of MWNT
agglomerate dispersion in the composites. The shear stress causes break up and disper-
sion of the agglomerates. To observe the difference in MWNT agglomerate dispersion
in correlation to the applied shear stress, the area ratio was plotted versus applied shear
stress in Fig. 5.32a. As the mixing speed and the shear stress increase, the dispersion
improves in all matrices. Interestingly, as the applied shear stress increases, the change
in area ratio is faster in low viscosity matrix followed by medium and high viscosity
matrix. At shear stresses corresponding to 200 rpm and higher mixing speeds, surpris-
ingly only a marginal difference is observed in the area ratio of un-dispersed agglom-
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Figure 5.30: Relative change in area ratio vs. mixing speed.
Figure 5.31: Applied shear stress vs. mixing speed for polycarbonates varying in melt viscos-
ity.
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erates among composites made by the different PC. In Fig. 5.32b, the relative change
in the area ratio with mixing speed is plotted versus applied shear stress. Much higher
applied shear stress was required for high viscosity matrix as compared to medium and
low viscosity matrix to achieve comparable relative area changes. This result of faster
development in area ratio with applied shear stress at lower matrix viscosity is on the
first view unexpected (this was also observed using single polycarbonate in Fig. 5.8).
However, it illustrates the role of the infiltration process as first step of the dispersion
process.
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Figure 5.32: (a) Area ratio A vs. applied shear stress, (b) Relative change in area ratio vs.
applied shear stress (for diﬀerent matrix melt viscosities).
The filler agglomerates usually have a certain porosity, which facilitates melt in-
filtration into them. Further, the pores present in the agglomerates allow flow within
them, which is driven by the shearing motions present within the external fluids. This
internal flow affects the manner in which the hydrodynamic stress is distributed within
the agglomerate [47]. In the process of filler dispersion during melt compounding,
mainly the applied shear stresses acting on the agglomerates are responsible for their
size reduction. The molecular weight of the polymers and the melt viscosity (which is
temperature dependent) influence in different ways on the final state of filler disper-
sion. If melt viscosity is high then the applied shear stresses on the agglomerates are
high; on the other hand, if the melt viscosity is low melt infiltration or diffusion into the
agglomerates is pronounced so that their strength can be significantly weakened. Fur-
ther, peripheral erosion of agglomerates is also enhanced by infiltrated surfaces. High
melt viscosity of matrix reduces their mobility and slows the infiltration speed but pro-
duces high shear stress and vice versa for low viscosity matrix. Due to higher mobility
of matrix, the agglomerates in low viscosity matrix can be assumed to be more infil-
trated than the agglomerates in medium and high viscosity matrix. At lower mixing
speeds, poor dispersion was observed in the low viscosity matrix because the applied
shear stress was also quite low. Thus, at low speeds better dispersion was observed in
high viscosity matrix as applied shear stress are high. However, at high mixing speeds,
in low viscosity matrix the shear stresses are high enough to disperse the infiltrated
MWNT agglomerates. Thus, although much high shear stress is applied using a high
90
5.3 Inﬂuence of matrix properties on MWNT agglomerate dispersion
viscosity matrix, similar level of dispersion is achieved as in low viscosity matrix. At
higher mixing speeds a counteracting balance is observed between melt viscosity and
applied shear stress. Considering the applied shear stress, MWNT agglomerates offers
relatively less resistance for dispersion in low viscosity matrix than in a high viscosity
matrix. The resistance for dispersion is generally the cohesive strength of agglomer-
ates. In order to estimate this resistance for dispersion of agglomerates or cohesive
strength of agglomerates in the following subchapter a model is proposed.
5.3.1.2 Estimation of MWNT agglomerate strength
For a given matrix, at lowest mixing speed considered, in the presented case at 10
rpm, certain state of dispersion was achieved which was further improved as higher
shear stress was applied at higher rpm. A schematic describing this improvement in
dispersion due to applied shear stress is shown in Fig. 5.33.
Figure 5.33: Schematic showing improvement in dispersion by increasing rotation speed and
thus applied shear stress.
Assuming that the change in the area ratio with applied shear stress is proportional
to the initial area ratio, equation 5.1 is obtained:
dA′
dτapplied
∝ A′ (5.1)
Integrating equation 5.1 for A′ = A0 (at 10 rpm) to A′ = AX at x rpm
ln
AX
A0
= −k ·∆τapplied (k = 1
τcohesive
) (5.2)
where the constant of proportionality k is the inverse of the cohesive strength of the
agglomerates.
In Fig. 5.34, ln (AX/A0) is plotted versus applied shear stress (∆τapplied). The dotted
lines represent the fit of equation 5.2.
From the slope k of the dotted lines, the resistance of the agglomerates against dis-
persion i.e. the average cohesive strength of (partially infiltrated) agglomerate in a
given polymer melt, is estimated. For low viscosity matrix it is 0.26 MPa, for medium
viscosity it is 0.5 MPa, and for high viscosity it is 0.82 MPa. The lower value of τcohesive
obtained for MWNT agglomerates in a low viscosity matrix indicates that using low
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Figure 5.34: ln (AX/A0) vs. τapplied (dotted lines indicate the ﬁts of equation 5.2).
viscosity matrices is favourable for manufacturing composites. Further, applying high
shear stress on agglomerates might cause breakage of tubes and this might be undesir-
able. Applying high shear stress is also undesirable for polymers as they can degrade
by polymer chain breakage. The values calculated here indicate the average τcohesive
over all agglomerate size class. The values are helpful to estimate and understand that
agglomerates can be dispersed in low melt viscosity matrix at relatively low expense
of energy as compared to medium or high viscosity matrix.
5.3.1.3 Electrical resistivity of produced composites
To investigate the state of electrical network formation in these composites, volume
resistivity measurements were carried out and plotted in Fig. 5.35 versus the mixing
speed employed during melt mixing.
All composite produced at low mixing speeds (50 rpm and below) are non-conductive.
As higher mixing speeds were employed, the resistivity of all composites decreases.
However, the decrease in the resistivity of composites is not similar. On one hand,
the decrease in the resistivity of composites made by low and medium viscosity PC
is strong and starting from 75 rpm, these composites are electrically percolated. Nev-
ertheless, further increase in the mixing speed does not help in further decrease of
resistivity. On the other hand, the resistivities of the composites, which were produced
using high melt viscosity, decrease slowly with increasing mixing speed and reach
a semi-conductive state. However, at highest mixing speed employed the resistivity
of the composite increases. This anomaly of increase in resistivity might be due to
breakage of tubes during compounding, but this is only a hypothesis, as the break-
age in tube length was not investigated. It has to be taken into account that pressing
of the plates used for resistivity measurements was done at a constant temperature
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Figure 5.35: Electrical resistivity of composites with 1 wt% MWNT vs. mixing speed.
of 265◦C leading possibly to different states of secondary agglomeration. Higher re-
agglomeration at lower viscosity may lead to better resistivity values as compared to
lower re-agglomeration at higher matrix viscosity as discussed in subchapter 5.2.2.
5.3.2 Variations in matrix molecular weight
It is necessary to investigate the influence of matrix molecular weight on melt infil-
tration or diffusion in agglomerate and thus on dispersion. For these, the melt viscosi-
ties of three different polycarbonates varying in molecular weights was adjusted by
controlling the melt temperature during melt compounding. Two melt viscosity levels
namely, viscosity level 1 of 500 Pa·s and viscosity level 2 of 1200 Pa·s, were applied
by using melt temperatures (barrel temperature) for different PC as indicated in Ta-
ble 5.5, and mixing speed of 100 rpm was used. For the sieved fractions of MWNT,
melt compounding was performed on viscosity level 1 only.
Table 5.5: Zero shear melt viscosities and melt temperature to reach the desired viscosity of
diﬀerent polycarbonates
Polycarbonate Melt temperature (◦C) at viscosity level of
500 Pa·s 1200 Pa·s
Makrolon 2205 260 240
Makrolon 2600 290 265
Makrolon 3108 310 280
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5.3.2.1 Investigation of MWNT agglomerate dispersion
Polymers vary in melt viscosity due to the difference in their molecular weight. To
investigate if the polycarbonate matrix molecular weight has an additional influence
(next to the viscosity effect) on CNT dispersion, melt mixing was performed by ad-
justing temperatures in a way that the polycarbonates with different molecular weights
had similar viscosities. Thus, at a given mixing speed the applied shear stresses are
comparable. In Fig. 5.36, optical micrographs are shown illustrating the state of dis-
persion of MWNT agglomerates for composites produced at low viscosity level (500
Pa·s, Fig. 5.36 (a-c)) and for composites produced at high viscosity level (1200 Pa·s,
Fig. 5.36 (d-f)). The number of agglomerates is plotted versus the equivalent diame-
ter of un-dispersed agglomerates in Fig. 5.37. From these experiments it was found
that at higher molecular weight of the matrix, the size of the largest un-dispersed ag-
glomerates was larger. A considerable difference in the area ratio was also observed.
This tendency was observed at both viscosity levels. Nevertheless, the possibility of
finding relative large sized agglomerates is not completely ruled out in low or medium
molecular weight matrices even though they were not detected.
Figure 5.36: Optical micrographs of PC with 1 wt% MWNT prepared at two viscosity level:
(a-c) low melt viscosity level (ca. 500 Pa.s) (d-f) high melt viscosity level (ca.
1200 Pa.s). As matrix molecular weight increases (from left to right), the size
of un-dispersed MWNT agglomerate also increases. Area ratio A is indicated
in %.
5.3.2.2 Dispersion of MWNT agglomerates from diﬀerent size fractions
In order to verify the effect of molecular weight on the size of un-dispersed agglom-
erates from different size classes, four sieved fractions of Baytubes were used in melt
compounding with the different polycarbonates. In Fig. 5.38, the size distribution of
94
5.3 Inﬂuence of matrix properties on MWNT agglomerate dispersion
Figure 5.37: Size distribution of un-dispersed agglomerate observed in PC + 1 wt% MWNT
(a) composites produced at low viscosity level (500 Pa.s) and (b) composites
produced at high viscosity level (1200 Pa.s).
un-dispersed agglomerates i.e. the number of agglomerates is plotted versus the equiv-
alent diameter of un-dispersed agglomerate observed in these composites. The results
verify the earlier mentioned observation that as the matrix molecular weight increases,
the size of largest un-dispersed agglomerate also increases. It was also found that the
sieved agglomerates from the highest size classes undergo the maximum size change.
In those composites where initial MWNT agglomerate size fractions of (500 µm and
above) and (355-400µm) were used, the maximum size of un-dispersed agglomerate
was found to be below 130 µm. Large sized agglomerates were broken down to small
sized agglomerates and the decrease in agglomerate size was significant. In compos-
ites where MWNT agglomerate size fractions of (100 - 125 µm) and (below 63 µm)
are used, the observed size of largest un-dispersed agglomerates was 110 µm and 62
µm, respectively. Scurati et al. [50] observed during dispersing silica in PDMS that
fractional reduction in large sized agglomerates occur faster than for small sized ag-
glomerates, when dispersion occurs under identical hydrodynamic conditions.
5.3.2.3 Electrical resistivity of produced composites
The electrical resisitivity of the composites prepared by using un-sieved MWNT and
by adjusting melt viscosity during melt processing (compounding and moulding) was
measured. In Fig. 5.39, the volume resistivity of composites is plotted versus pro-
cessing temperature. As expected, the composites processed at low viscosity level had
lower resistivity values as compared to those prepared at high viscosity level of corre-
sponding molecular weight. In literature, such observations were reported quite often
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Figure 5.38: Size distribution of un-dispersed agglomerate observed in 1 wt% MWNT com-
posites produced using diﬀerent PC at melt viscosity level 1 (500 Pa.s). MWNT
from diﬀerent size fractions of were used (a) 500 µm and above, (b) 355 - 400
µm, (c) 100 - 125µm, (d) below 63 µm.
and decrease in the resistivity is attributed to secondary agglomeration of MWNT (see
subchapter 5.2.2). During compression moulding, the movement of tubes for such sec-
ondary agglomeration intensifies at lower melt viscosity or longer annealing time at
higher melt viscosity.
It was expected that the resistivity values of the composites produced at a given
viscosity level should be in similar range. However, an additional influence of tem-
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perature apart from viscosity on electrical volume resistivity is observed. At the high
viscosity level, only the highest molecular weight PC processed at the highest tem-
perature of 280◦C results in composites with resistivities deviating from the insulating
range. At the low viscosity level, the composites based on medium and high molec-
ular weight, processed at the higher temperatures of 290◦C and 310◦C, respectively,
showed lower resistivity values than the composite based on PC with low molecular
weight. The lower resistivity values were achieved despite higher agglomerate ratios at
higher molecular weights. The experiments were repeated to confirm the tendencies.
The results indicate that the melt temperature plays an additional role in lowering resis-
tivities although the melt viscosities during mixing and compression moulding were
same. Possibly, next to viscosity effects on the remaining primary agglomerates the
formation of a network consisting of separated nanotubes and agglomerates is more
pronounced at higher temperatures. Higher melt temperature also leaves more time
for structuration during cooling at similar rates, possibly thereby contributing to the
observed reduction in electrical resistivity.
Figure 5.39: Volume resistivity vs. processing temperature of composites prepared by diﬀer-
ent molecular weight matrices.
Summary and conclusion
In studies concerning the effect of melt viscosity on MWNT agglomerate disper-
sion, it was observed that at low mixing speed better dispersion was obtained in the
matrix with high melt viscosity indicating that high shear stress is necessary for good
dispersion. Interestingly, above a certain mixing speed independent of viscosity, simi-
lar states of dispersion were achieved in all composites although significantly different
levels of shear stress were applied. This illustrates a balance between the counteracting
effects of viscosity on agglomerate infiltration and agglomerate dispersion. The faster
improvement in dispersion with shear stress clearly reflects that MWNT agglomerates
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have lower resistance to disperse or disperse relatively easily when mixed with low
viscosity matrices as compared to high viscosity matrices. The results are found to be
in agreement with the findings reported in subchapter 5.2.1. The electrical resistivity
values of these composites indicate that high melt viscosity of the matrix can hamper
the nanotube network formation which is in agreement with other results reported in
literature.
In studies concerning the effect of molecular weight on MWNT agglomerate dis-
persion it was observed that with increasing matrix molecular weight also the size of
un-dispersed agglomerate increased, illustrating the very important role of infiltration
as the first step of dispersion. Further, sieved MWNT agglomerates from four different
size classes were used to confirm this observation. These results also indicates that
the agglomerates from the larger size classes undergo maximum change in size. The
electrical resistivity investigation of these composites indicates that melt temperature
has an additional influence on resistivity, apart from melt viscosity and annealing time
as stated in literature. At higher temperatures lower resistivity values were found.
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5.4 Analysis of dispersion mechanisms during
melt mixing of MWNT agglomerates
In the previous subchapter the influence of matrix melt viscosity and molecular weight
on the dispersion of MWNT agglomerate was discussed. Agglomerates are weakened
due to melt infiltration or diffusion and thus less shear stress is needed for their break-
down into smaller sizes. However, next to the process of infiltration, the process of
dispersion is the most crucial during which the agglomerate size is effectively re-
duced. During this stage, the large initial filler agglomerates are reduced in size up
to the smallest dispersable unit. In a first approximation, the change in size of large
agglomerates into smaller parts can be attributed to two mechanisms, namely rupture
(a bulk phenomenon) and erosion (a surface phenomenon). In rupture mechanism, the
large agglomerates are broken down into smaller ones in short times; whereas in ero-
sion mechanism, large agglomerates are eroded into smaller ones by removing single
or bundles of nanotubes from the agglomerate surface needing comparatively longer
time.
In order to distinctly differentiate the occurrence of these dispersion mechanisms the
dispersion kinetics of MWNT agglomerates was investigated by melt compounding a
low viscosity PC (Makrolon 2205) with 1 wt% MWNT. Composites were produced
in three series by employing mixing speeds of 50, 100, and 300 rpm thereby applying
three different shear rates. The mixing temperature was set at 280◦C. To investigate the
dispersion kinetics of MWNT agglomerates, in each series the mixing was done for 14
different mixing times namely 0.5, 2, 3, 5, 7, 9, 12, 15, 18, 20, 25, 30, 35, and 40 min-
utes. The effects on agglomerate size distribution and evolution of morphology due
to different mixing conditions was studied. In any melt compounding process, filler
agglomerate particles are subjected to dispersion by both rupture and erosion mecha-
nisms as both mechanisms run parallel. A model is proposed to quantify the splitting of
dispersion mechanisms during a melt mixing process into rupture and erosion. Further-
more, electrical resistivities of composites produced under different mixing conditions
are stated.
5.4.1 Kinetics of MWNT agglomerate dispersion
5.4.1.1 Optical microscopy investigations
To investigate the kinetics of MWNT agglomerate dispersion, 1 wt% MWNT was
melt compounded with polycarbonate at mixing speeds of 50, 100, and 300 rpm; at
a temperature of 280◦C, and different mixing times. The state of MWNT agglomer-
ates dispersion at these three mixing speeds with increasing mixing time was evalu-
ated by performing optical microscopy investigations on extruded strands as shown in
Fig. 5.40.
From the micrographs, a decrease in size and number of agglomerates with mixing
time is visible which is more pronounced when increasing mixing speed. To evalu-
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Figure 5.40: Optical micrographs illustrating the state of MWNT agglomerate dispersion at
diﬀerent mixing speeds and times.
ate the size distribution of un-dispersed agglomerates such optical micrographs were
quantitatively evaluated by applying an image analysis procedure. In Fig. 5.41, the ag-
glomerate size distributions are presented by plotting the number of agglomerates (per
mm2) versus the mean agglomerate diameter of each size class. The order of the plots
corresponds to the images in Fig. 5.40.
It is generally observed that in composites prepared at low mixing speeds, a higher
number of relatively larger agglomerates are present. The number of large agglomer-
ates is reduced with increasing mixing speed and mixing time, thereby narrowing the
size distribution of the un-dispersed agglomerates. The drastic decrease in the num-
ber of agglomerates from larger diameter classes indicates a relatively fast break-up of
bigger agglomerates into smaller agglomerates. This results in the largest number of
agglomerates in the smallest diameter class (1-10 µm), irrespective of mixing time. A
difference of at least one order of magnitude in the number of agglomerates of diame-
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Figure 5.41: Size distribution of un-dispersed agglomerates observed in polycarbonate with
1 wt% MWNT composites prepared at diﬀerent mixing speeds and times.
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Figure 5.42: (a) Area ratio A vs. mixing time at diﬀerent mixing speeds, (b) Number of
agglomerates (per mm2) vs. mixing time at diﬀerent mixing speeds (lines are
drawn to guide eyes).
ter class (1-10 µm) with other diameter classes is observed. Nevertheless, the number
of agglomerates from the smallest diameter class (1-10 µm) also decreases with in-
creasing mixing time, and is relatively lower at higher mixing speeds. It should be
noted that the size distribution of “as incorporated” agglomerates (Fig. 5.2) was much
broader as compared to what was observed in the melt mixed composites.
To summarise the observations mentioned above, in Fig. 5.42a and Fig. 5.42b the
area ratio A and number of agglomerates (per mm2) are plotted versus mixing time.
In Fig. 5.42a , a distinct difference in the area ratio A of composites produced at
different mixing speeds can be seen. With increasing the mixing speed from 50 rpm
to 300 rpm, a drastic reduction in un-dispersed agglomerate area occurs at any cor-
responding mixing time. Secondly, the area of un-dispersed agglomerate also reduces
with increasing mixing time; this is more prominent at lower mixing speeds than at
high speed (300 rpm). For all mixing speeds above certain mixing time, dispersion
gets slower. The number of un-dispersed agglomerates (per mm2) decreases with in-
creasing mixing time as shown in Fig. 5.42b. This decrease slows down as the mixing
time increases irrespective of mixing speed and seems to approach a plateau value.
At high mixing speed this plateau is reached much faster as compared to low mixing
speeds. As most of the agglomerates are from the smallest diameter class (1-10 µm)
(ref. Fig. 5.41), perhaps these agglomerates are hardest to disperse. Interestingly, in all
cases even after 40 minutes of mixing, un-dispersed agglomerates are present.
It is obvious from Fig. 5.42a that the initial state of evolved morphology (after 30
sec) and its further development with time depends on the mixing speed. To analyse
the extent of morphology development from initial mixing time at all speeds, the rela-
tive change in the area ratio ((1-A(t)/A0), i.e. the decrease in area A(t) of un-dispersed
agglomerates at any time t, with reference to the area (A0) at 30 s of mixing) is plotted
versus mixing time in Fig. 5.43. Furthermore, certain mixing energy was incorporated
to realise agglomerate dispersion. This applied specific mixing energy during the mix-
ing process is plotted versus mixing time in Fig. 5.44.
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Figure 5.43: Relative change in the area ratio vs. mixing time at diﬀerent mixing speeds
(lines are drawn to guide eyes).
It can be seen from Fig. 5.43 that there is a fast improvement in the dispersion at
300 rpm with 80% of change realised in 7 minutes and further change in the area ratio
is quite slow. At lower mixing speeds of 100 rpm and 50 rpm, the relative change in
the area ratio is 80% and 60% respectively, after 40 min of mixing time. This indicates
that at lower mixing speeds the rate of dispersion is slower. Obviously, at 300 rpm, the
applied specific mixing energy is much higher than at other mixing speeds as shown in
Fig. 5.44. Further, the difference in the mixing energy at 50 and 100 rpm is relatively
smaller.
In Fig. 5.45, the relative change in area ratio is plotted versus the specific mixing
energy. It is obvious that the relative change in area ratio increases with increasing
specific mixing energy; but it should be noticed that 80% of the change can be achieved
with relatively low input of energy. On the other hand, it seems to be very difficult to
reduce the remaining 20% of the original area ratio. At a given value of specific mixing
energy, the relative change in area ratio is slightly higher at low mixing speed (50 rpm
and 100 rpm) than at high mixing speed. However, in general the values resulting from
different mixing speeds can be approximated by a common curve.
The different shear stresses impacting the composite material inside the compounder
are dependent on mixing speeds. These shear stresses are transferred over the matrix
polymer melt onto the agglomerates, resulting in their dispersion. In case of dispersion
of CB in simple shear flow as mentioned earlier, Rwei et al. [55–57] state that at low
values of shear stress, CB disperses by erosion mechanism which needs a long time,
whereas at high shear stress, CB disperses by rupture mechanism which needs com-
paratively less time. Therefore, it can be speculated that at high mixing speed resulting
in high shear stresses, the MWNT agglomerates undergo dispersion mainly by rupture
mechanism; and at low speed corresponding to low shear stresses MWNT agglomer-
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Figure 5.44: Speciﬁc mixing energy vs. mixing time incorporated at diﬀerent mixing speeds
(lines are drawn to guide eyes).
Figure 5.45: Relative change in the area ratio vs. speciﬁc mixing energy at diﬀerent mixing
speeds (line is drawn to guide eyes).
ates mainly experience dispersion by erosion mechanism. It is reasonable to expect
that both mechanisms of dispersion should exist during any melt mixing operation as
the one discussed in this work and all agglomerates are subjected to simultaneous dis-
persion by erosion and rupture mechanisms. Nevertheless, depending on compounding
conditions, one mechanism could dominate the other.
TEM images illustrating typical features of the agglomerate dispersion mechanisms
are shown in Fig. 5.46a and b. During rupture mechanism, cracks propagating through
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the agglomerate as shown in Fig. 5.46a, will lead to smaller agglomerates of different
sizes. During dispersion by erosion mechanism (see Fig. 5.46b), free tubes as well as
small fragments and agglomerates are eroded from the surface of bigger agglomerates.
This mechanism can prevail irrespective of the size of the parent agglomerates.
(a) (b)
Figure 5.46: Illustration of a) rupture and erosion and b) erosion of agglomerates (dotted
lines in (a) indicates region of crack propagation).
In Fig. 5.47, a schematic model is presented to describe the dispersion process of
MWNT agglomerates by rupture and erosion dominant mechanisms. In rupture dom-
inant mechanisms, the bigger agglomerates are broken down quite fast into smaller
ones, which can be reduced further in size. However, the cohesive strength of agglom-
erates itself could be a limiting factor. In erosion dominant mechanism, the size of
agglomerates is reduced in comparatively longer time and dispersion is driven mainly
by melt infiltration. Nevertheless, to avoid floating of agglomerates without dispersion,
certain critical screw speeds are always desired for having some flow field acting on
agglomerates and also to distribute the tubes and fragments separated from the agglom-
erates. Each dispersion mechanism has certain advantages and disadvantages. Rupture
mechanism is fast but causes breakage of the dry agglomerates core and hence the
undesired breakage of tubes (mainly on defect locations) reducing their aspect ratio.
The erosion mechanism is slow but leads to well infiltrated agglomerates and is not
expected to cause damage to the tubes. A complete agglomerate free composite with
separated, well dispersed tubes shown as the last step by erosion or rupture dominant
mechanism in Fig. 5.47 could not be achieved in the presented work. Huang et al. [181]
reported a mixing time of 100 minutes for achieving a stable and complete dispersion
of 1 wt% MWNT in PDMS, by applying a mixing speed of 1000 rpm in their container
mixer having a blade stirrer.
As mentioned in the sub-chapter 2.2.2, Hansen et al. [58] and Ottino et al. [257]
stated a criteria for rupture and erosion based on the fragmentation number. As per
the criteria, if the applied hydrodynamic stress is smaller than the cohesive strength,
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Figure 5.47: Schematic descriptions of MWNT agglomerate dispersion mechanisms.
particles undergo dispersion by erosion mechanism; and if hydrodynamic stresses are
higher, particles undergo dispersion by rupture mechanism. The estimation of the cohe-
sive strength of MWNT agglomerates is not discussed so far in literature. In subchapter
5.3.1.2., these MWNT agglomerates were dispersed in a polycarbonate melt, and were
subjected to different shear stresses. The average cohesive strength or agglomerate
strength was determined from the evolution of un-dispersed agglomerate area change
versus shear stress and was found to be approximately 0.3 MPa. Moreover, there is a
shear stress distribution inside the compounder, with maximum hydrodynamic stress
prevailing in between the screws and the barrel of the compounder. These maximum
hydrodynamic stresses at 50, 100, and 300 rpm were calculated to be approximately
0.14 MPa, 0.28 MPa, and 0.67 MPa, respectively. As the MWNT material has very
broad initial particle size distribution, which undergoes big change during mixing, it is
difficult to state that at 50 rpm there are purely erosion conditions and at 300 rpm there
are purely rupture conditions. In addition, in such a compounder, MWNT agglomer-
ates are expected to disperse by both mechanisms. From the concept of fragmentation
number mentioned above, it is not possible to estimate the parts of dispersion by rup-
ture and erosion mechanism. Thus, a new model is proposed to address the issue of
quantification of dispersion mechanisms.
5.4.1.2 Quantiﬁcation of dispersion mechanisms
In the following section, a model is proposed to evaluate the shares of dispersion by
rupture and erosion mechanism during melt mixing under different conditions. This
knowledge might be helpful in finding suitable compounding conditions to produce
composites free of primary agglomerates as it is desired especially for enhancement of
mechanical properties of the nanocomposites. As mentioned in the sub-chapter 2.2.2,
several models concerning filler dispersion are discussed in literature for rupture and
erosion mechanisms; however, those models assume either erosion or rupture. Potente
et al. [68] and Lozano et al. [69] considered both mechanisms, however, no direct
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quantification of the extent of dispersion mechanisms was done. So far, in literature
no method or model is developed which addresses the extent of both mechanisms
participating in a real mixing process.
In order to quantify the dispersion mechanisms, it is considered that the morphology
evolved at the lowest mixing time (30 sec) applied in the mixing study as the initial
state of MWNT agglomerate dispersion and agglomerate diameter distribution. Thus,
A0 represents the area ratio A, at 30 sec; and At the area ratio A, at time t.
In Fig. 5.48, a scheme illustrates the reduction in the (un-dispersed) agglomerate
area ratio from A0 to At under the action of the applied shear stress (τapplied) with mix-
ing time t. In the model proposed here, it is assumed that irrespective of the dispersion
mechanism, the time dependent decrease in the un-dispersed MWNT agglomerate area
(area ratio) is directly proportional to the un-dispersed agglomerate area (area ratio)
and the applied shear stress:
Figure 5.48: Scheme showing reduction in agglomerate area ratio from A0 to At.
−dA
dt
∝ A · τapplied (5.3)
−dA
dt
= k · A · τapplied (5.4)
where, k is a constant of proportionality, called as “constant of dispersion kinetics”
(Note: Here constant shear stress is applied, this is different to the model assumptions
in 5.3.1.2 and the constant k is not the same as in equation 5.1 and 5.2). Solving the
ordinary differential equation 5.4 with the boundary condition of an initial area ratio
A0 at time t = 30 sec leads to the area At at time t:
At = A0 · exp(−k · τapplied · t) (5.5)
The agglomerates are subjected to dispersion by both rupture and erosion mecha-
nism, thereby reducing the initial area ratio A0 to a final area At after mixing time t.
In the following, it is assumed that the initial part of the area A0 can be divided into
three parts; part “a” that undergoes dispersion by erosion, a part “b” that undergoes
dispersion by rupture mechanism (with “a” termed as the coefficient of erosion and
“b” termed as the coefficient of rupture (equation 5.6)), and a part “c” which does not
undergo dispersion. These fractions of initial area ratio are the base for the evolution
of the area ratio AEt and A
R
t formed by rupture and erosion mechanism after time t
(equation 5.7).
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A0 = a · A0 + b · A0 + c · A0 (a+ b+ c = 1) (5.6)
and
At = A
E
t + A
R
t + c · A0 (5.7)
Thus, equation 5.5 can be re-written for AEt and A
R
t as:
AEt = a · A0 · exp(−kE · τapplied · t) (5.8)
similarly,
ARt = b · A0 · exp(−kR · τapplied · t) (5.9)
Here, kE and kR are the constants of erosion and rupture kinetics, respectively. Sub-
stituting equation 5.8 and 5.9 in equation 5.7 leads to:
At = a · A0 · exp(−kE · τapplied · t) + b · A0 · exp(−kR · τapplied · t) + c · A0 (5.10)
In further evaluation, the used value of tapplied is assumed as the maximum shear
stress prevailing between the screws and the barrel of the compounder. Additionally,
it is assumed that this maximum shear stress is constant during the mixing process.
Hence equation 5.10 contains five unknown parameters a, b, c, kE , and kR (however,
only four unknown parameters have to be estimated due to the relationship a + b +
c = 1). Considering the complexity of the subject, certain additional assumptions are
necessary to estimate the values of these unknown quantities.
Evaluation of kE and kR
In section 5.4.1.1, it is discussed that a broad un-dispersed agglomerate diameter
distribution is present in the composites at initial mixing time, which undergoes con-
tinuous change. The bigger agglomerates are found to be dispersing faster than the
smaller ones and the smaller ones are found to be very hard to disperse even at high in-
put of energy (ref. Fig. 5.41, Fig. 5.42, and Fig. 5.45). Based on those findings, for the
evaluation of kE and kR the changes in the area of agglomerates from certain diameter
classes is considered.
Assumptions:
1. The agglomerates in the particle diameter class ∼ 1- 10 µm (corresponding to the
length of MWNT) are the smallest possible objects to be measured in light microscopy.
Since these small agglomerates are assumed to consist of highly packed structures with
entangled MWNT (see Fig. 5.3) they have a very high strength (estimated to be 33.4
MPa, see appendix). As this magnitude of shear stress is not realised in the compounder
during the experiments it may be assumed that agglomerate in that diameter class do
not undergo rupture. Since their area ratio is decreasing with mixing time there is a high
probability that they undergo dispersion by erosion mechanism only. The decrease in
the area ratio of these small agglomerates, ASmall0 along the mixing time to A
Small
t can
be written as the equation 5.8:
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ASmallt = A
Small
0 · exp(−kE · τapplied · t) (5.11)
2. All other agglomerates (above 1-10 µm class) are assumed to be formed by the
small agglomerates from 1-10 µm class (as it was indicated by Fig. 5.3) and thus have
a relatively weaker agglomerate strength (see appendix). Under the applied mixing
condition, sufficient shear stresses are present for rupture of these agglomerates into
smaller ones. The decrease in the area ratio of these big agglomerates, ABig0 with mix-
ing time to ABigt can be written as the equation 5.9:
ABigt = A
Big
0 · exp(−kR · τapplied · t) (5.12)
It is mentioned earlier that all particles are subjected to dispersion by erosion and
rupture mechanism simultaneously. Although the constants of erosion and rupture ki-
netics i.e. kE and kR evaluated from equations 5.11 and 5.11 are calculated using the
agglomerate area from specific diameter classes, they are assumed to be applicable for
all agglomerates.
Since it is assumed that the constants of erosion and rupture kinetics are valid for
all three mixing speeds, in Fig. 5.49a and b the area ratio of small (1-10 µm) and
big (above 10 µm) agglomerates for all mixing speeds and times is plotted versus
τapplied · t. To evaluate kE and kR as constants of erosion and rupture kinetics, curve
fitting is carried out using Origin 8.0 and by applying the method of the lowest value
of the root mean square error, following equation 5.13:
y = B′ · exp(−x
α
) + y0 (5.13)
From equations 5.11 and 5.12, 1/α corresponds to kE or kR.
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Figure 5.49: Area ratio vs. τapplied*t, (a) of small agglomerates (1-10 µm), (b) of big ag-
glomerates (above 10 µm) (line represents a ﬁt of equation 5.13).
The values of kE and kR are evaluated to be 1.5E-8 (Pa·s)−1 and 3.6E-9 (Pa·s)−1.
The value of kR is smaller by one order of magnitude than kE supporting the fact that
larger agglomerates disperse faster than smaller ones.
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Evaluation of a and b
Following equation 5.10 and by using the values of kE and kR, the coefficients of
erosion (a) and rupture (b) can be evaluated. The un-dispersed agglomerate area ratio
is plotted versus τapplied · t (up to 7*108 Pa·s) in Fig. 5.50a, and for 300 rpm Fig. 5.50b
shows the range of τapplied·t up to 4*109 Pa·s.
Curve fitting is carried out using Origin 8.0 and applying the method of the lowest
value of the root mean square error, following the equation 5.14:
y = B′ · exp(− x
α1
) +B′′ · exp(− x
α2
) + y0 (5.14)
Comparing with equation 5.10, B′ corresponds to a · A0, B′′ corresponds to b · A0,
1/α1 and 1/α2 correspond to kE and kR respectively and y0 is an offset parameter,
which corresponds to the undispersed part c · A0.
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Figure 5.50: Area ratio A vs. τapplied*t (a) for 50 and 100 rpm, (b) for 300 rpm (line
represents a ﬁt of equation 5.14).
From the curve fitting for all mixing speeds, the amount of initial area that undergoes
dispersion by erosion (a), rupture (b) and the part that remains un-dispersed (c) are
evaluated. At 50 rpm, the dispersion by erosion mechanism is 38%, and as the mixing
speed is increased to 100 rpm this value remains stable. However, as mixing speed is
increased up to 300 rpm the fraction of dispersion by erosion drops to 5%. Conversely,
dispersion by rupture mechanism increases from 35% at 50 rpm to 44% at 100 rpm and
to 83% at 300 rpm. The un-dispersed part decreases from 27% at 50 rpm to 12% at
300 rpm. The different fractions of erosion and rupture in the dispersed part are plotted
vs. mixing speed in Fig. 5.51. The dispersion by erosion mechanism at 50 rpm is 52%,
which is reduced to 6% at 300 rpm. Conversely, dispersion by rupture mechanism
increases from 48% at 50 rpm to 94% at 300 rpm.
At low mixing speeds of 50 rpm and 100 rpm both mechanisms govern MWNT
agglomerate dispersion as the shares of both dispersion mechanisms are nearly the
same. At 300 rpm, the rupture mechanism is dominant. Using the selected PC and
MWNT it seems that dispersion by purely erosion mechanism is not possible when
performing melt mixing in the microcompounder at 280◦C.
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Figure 5.51: Share of erosion and rupture in the dispersed part of agglomerate vs. mixing
speed (lines are drawn to guide eyes).
5.4.2 Electrical resistivity of composites
Resistivity measurements were carried out to get information about the state of elec-
trical network formation. The volume resistivity of the composites is plotted versus
mixing time in Fig. 5.52, versus specific mixing energy in Fig. 5.53, and versus area
ratio in Fig. 5.54. As shown in Fig. 5.52, depending on the employed mixing speeds,
the electrical volume resistivity values decreases with increasing mixing time until a
plateau is reached. At higher mixing speed, this plateau is reached faster as compared
to lower mixing speeds.
Plotting resistivity versus specific mixing energy and area ratio (Fig. 5.53 and
Fig. 5.54) indicates common curves for all mixing speeds. The volume resistivity ver-
sus mixing energy decreases drastically till a certain resistivity plateau is reached at
about 1,800 J/cm3 and there is no further decrease with increasing specific mixing en-
ergy. Interestingly, this result is in agreement with earlier reported results in subchapter
5.2.1 and by Krause et al. [212]
Concerning the dependency of resistivity on area ratio two plateaus can be observed.
At agglomerate area ratios above 7%, corresponding to low mixing energies, the elec-
trical resistivity of the composites is altogether dominated by the matrix system. Below
approximately 4% the electrical resistivity is dominated by the filler. These data points
can be assigned to high mixing energies. Both plateaus are separated by a transition
region where the electrical resistivity changes over approximately 12 orders of mag-
nitude. This is a very interesting observation since it is commonly assumed that the
electrical resistivity decreases with increasing filler dispersion. However, the results
clearly indicate, that this assumption holds only in a limited transition range. In the se-
lected system of 1wt% Baytubes C150HP in Makrolon 2205 and with an used section
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Figure 5.52: Volume resistivity vs. mixing time at diﬀerent mixing speed (lines are drawn to
guide eyes).
thickness of 20 microns for transmission light microscopy this range was found to be
between 4% and 7% agglomerate area ratio, corresponding to mixing energies 1,800
J/cm3 and 500 J/cm3, respectively. This critical phenomenon can be explained as fol-
lowing: With decreasing area ratio the amount of dispersed nanotubes increases. At a
critical amount of dispersed nanotubes the percolation concentration is reached and the
electrical resistivity decreases substantially. Above the percolation concentration i.e.
with further nanotube dispersion the changes in resistivity become less dependent on
the state of dispersion since the electrical network is already well established. The con-
tribution of the remaining agglomerates to the overall composite conductivity seems to
be negligible as their occupied volume is comparatively small. The distance between
remaining agglomerates is much larger then the nanotube length and the percolation
structure is clearly determined by the dispersed tubes between the agglomerates.
Since under all mixing conditions used remaining agglomerates are existent, but be-
low 4% area ratio conductivity is reached and one can conclude that the 1 wt% loading
used is above the percolation threshold. With proper dispersion percolation below 1
wt% can be reached. Furthermore, it can be assumed that the location of the transition
range (as seen in Fig. 5.54) depends on the amount of filler since the fraction of nan-
otubes that has to be dispersed in order to reach percolation increases with decreasing
total filler content. Thus, a shift towards lower area ratio can be expected when lower-
ing the nanotube content.
Summary and Conclusion
The kinetics of MWNT agglomerate dispersion was investigated during melt com-
pounding in a small scale mixer with PC and 1 wt% MWNT at three different mixing
speeds (50, 100, and 300 rpm) and different mixing times (up to 40 min). The states
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Figure 5.53: Volume resistivity vs. speciﬁc mixing energy (line is drawn to guide eyes).
of evolved MWNT agglomerate dispersion as assessed by image analysis of optical
transmission micrographs strongly depend on the mixing speed. MWNT agglomerate
dispersion is faster and better in composites prepared at higher mixing speeds than in
those prepared at low mixing speeds. It was also found that bigger agglomerates dis-
perse faster than smaller ones. In a melt compounder agglomerates are subjected to
dispersion by both erosion and rupture mechanisms and the share of each mechanism
is estimated using a new model based on a first order kinetics. The model considers
the agglomerate area ratio in dependence on the product of applied shear stress and
time. It was found that the share of dispersion by erosion mechanism decreases and
the share of dispersion by rupture mechanism increases with increasing mixing speed.
However, already at the lowest mixing speed applied in the investigations rupture and
erosion have about the same extent, indicating that in most melt extrusion processes
rupture mechanism can be assumed to be dominant at higher mixing speeds.
Interestingly, for all mixing conditions selected no complete dispersion of the nan-
otube material used could be achieved. This may be related to the very high agglom-
erate strength based on the comparatively low porosity of this type of nanotube ag-
glomerates (see calculations in appendix ). For other nanotube materials having higher
porosity values the agglomerate strength may be lower leading to lower un-dispersed
agglomerates and faster dispersion kinetics. In addition, also the nanotube length of
the starting nanotube material may influence the kinetic and the share of rupture and
erosion during dispersion.
Further, electrical resistivity of composites was found to decrease with mixing en-
ergies up to about 1,800 J/cm3. At higher mixing energies (up to about 55,000 J/cm3)
reached by either enhancing mixing speed or mixing time a plateau with low resis-
tivities is established. Considering the relationship between dispersion and electrical
resistivity a critical behaviour was observed since the percolation is dominated by the
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Figure 5.54: Volume resistivity vs. area ratio A (line is drawn to guide eyes).
fraction of dispersed nanotubes. Below and above this percolation range the influence
of the state of nanotube dispersion on resistivity was found to be marginal. To derive a
model of more generality than in the presented investigations the amount of dispersed
nanotubes and thus the real percolation concentration has to be determined more pre-
cisely, e.g. using methods as presented in [158].
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5.5 Inﬂuence of additives on dispersion and
electrical resistivity of composites
In the investigations reported in the previous subchapters, all produced composites had
at least some un-dispersed agglomerates. From literature it is known that the addition
of additives can be helpful for improving filler dispersion. It is known that selecting
and adding additives in the right way is very interesting but a difficult job. In order to
obtain better dispersion of MWNT agglomerates in composite or to have better com-
posite properties some initial investigations were performed. In the couple of examples
discussed here, additives like surfactants and a fatty acid derivatives were used in melt
compounding polymers with MWNT.
5.5.1 Inﬂuence of additive on MWNT agglomerate
dispersion in polyamide 12
The strength of primary non infiltrated agglomerates is very high (see Appendix 8.4),
which prohibits their complete dispersion in polymer melt. If the agglomerate strengths
are reduced, composites free of agglomerates can be made. In this regard a new ap-
proach is developed on the basis that fully infiltrated agglomerates have negligible
strengths. For this, MWNT agglomerates were fully infiltrated by using 10 wt% Tween
40 under application of vacuum. A gel like material was obtained which was used for
melt compounding.
PA12 (Vestamid L1600) was melt compounded with MWNT (Baytubes C150HP)
(with and without additive infiltration) using a DSM compounder. In Fig. 5.55, optical
micrographs indicating the state of MWNT agglomerate dispersion in these compos-
ites are shown, whereas in composites made by MWNT agglomerate-additive gel, dis-
persion was found to be improved dramatically although significantly less torque was
applied.
Apart from the weakening of agglomerates there could be several possible reasons
which could have helped in getting such an excellent dispersion. The addition of 10
wt % additive might have increased the mobility of the polymer matrix or decreased
the interfacial energies between MWNT agglomerates.
Such a method of infiltrating agglomerates by applying vacuum could also be ap-
plied on techniques where surfactant based dispersion of MWNT agglomerates are
used during twin screw extrusion of composite materials.
5.5.2 Inﬂuence of additives on composite resistivity in
polycarbonate
In order to observe the influence of additives on the composite properties of PC, poly-
carbonate (Makrolon 2600) was melt compounded with MWNT (Baytubes C150HP)
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(a) (b)
Figure 5.55: Optical micrograph of (a) PA 12 with 2 wt% MWNT (b) PA 12 with 2 wt%
MWNT and 10 wt% Tween 40. Composites produced in a DSM microcom-
pounder (vol 14 cm3), at 250 rpm mixing speed, 210◦C melt temperature, 5
min mixing time.
using a commercially available additive (Brij 78) and stearic acid using a Daca micro-
compounder. In Fig. 5.56, the electrical resistivity of the produced composites (with
and without additive) is plotted versus MWNT content. It was observed that stearic
acid had a strong effect on reducing the electrical resistivity of composites as the per-
colation threshold was reduced from 1 wt% to 0.75 wt%.
To investigate the effect of stearic acid on the electrical resistivity of injection
moulded composites, PC-MWNT composites with additives were produced in a twin
screw extruder (see subchapter 4.2.1.2). These composites were subsequently injection
moulded into standard tensile test specimens. In Fig. 5.57, the electrical resistivity of
injection moulded specimens is plotted versus MWNT and stearic acid content. Stearic
acid had an excellent effect on reducing the electrical resistivity of injection-moulded
specimens. The percolation threshold was reduced from 5 wt% without additive to 1
wt% with additive. However, the produced composites had poor mechanical properties.
At the employed compounding conditions, the composites were brittle.
Summary and Conclusion
Application of additives can dramatically improve the MWNT agglomerate disper-
sion during melt compounding as well as significantly reduce the electrical resistivity
of composites. However, the results reported here are from initial experimental trials,
further investigations are required to reduce the additive content as well as to find out
compounding conditions at which the composite mechanical properties are not too
much reduced. The results give the hope that using proper additives can eradicate the
problem of filler dispersion in polymer composites during melt compounding.
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Figure 5.56: Electrical resistivity of compression moulded plates vs. MWNT content. (PC-
MWNT composites with and without additives).
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Figure 5.57: Electrical resistivity of injection moulded specimens vs. MWNT content (PC-
MWNT composites with and without additives).
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For the commercial production of polymer-carbon nanotube (CNT) composites on in-
dustrial scale, melt processing is of significant importance. The properties of such
composites strongly depend on the extent of CNT agglomerate dispersion in the poly-
mer melt. However, the “as produced” CNT agglomerates have very high cohesive
strength, making it difficult to disperse them into individualized nanotubes. Thus, the
dispersion of primary nanotube agglomerates in the polymer melts is one of the diffi-
cult tasks when applying melt mixing for nanocomposite preparation making it a very
interesting and challenging technological problem.
In this regard it is necessary to have information about the structure of the nanotube
agglomerate used. It was observed that the Baytubes C150HP agglomerated MWNT
material used in this work exhibit a distinct agglomerate substructure. The large ag-
glomerates (mean size: approx. 280 µm and maximum size: approx. 600 µm ) were
found to be made up from the smaller agglomerates (size in the range of 1 to 10 µm).
Classically it is known that filler agglomerates may have a substructure but as far as
MWNT agglomerates are concerned this is a very important finding, as there were no
investigations reported previously. Such agglomerate substructure is not specifically
related to Baytubes R© C150HP but could also be found in the MWNT materials man-
ufactured by other producers. Further, one has to regard the different steps involved
in filler dispersion. During melt compounding as the filler is added into the melt, it
is wetted by the melt, followed by melt infiltration into the agglomerates, leading to
dispersion of agglomerates by rupture and erosion mechanism, ultimately the smallest
dispersable unit has to be uniformly distributed in the melt. The infiltration of agglom-
erates by the polymer melt is affected by the melt viscosities, whereas lowering the
viscosity results in higher infiltration rate. Further, due to the applied stresses present
inside the extruder, filler agglomerates disperses in the melt by rupture and erosion
mechanisms. The applied stress on agglomerates depends on the melt viscosity and
the applied shear rate.
For a given polymer, the melt viscosities can be controlled either by changing the
processing temperature or by changing the molecular weight. The effect of variation
in melt temperature as well as of molecular weight was investigated on the dispersion
of 1 wt% Baytubes C150HP agglomerates in polycarbonate melts under varriation
of mixing speeds during melt compounding. To investigate the state of MWNT ag-
glomerate dispersion optical transmission microscopy was extensively used, including
quantitative characterisation using the remaining agglomerate area and agglomerate
size distribution.
At low mixing speeds, better dispersion was achieved in high viscosity matrices as
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compared to low viscosity matrices. The shear stress acting on the agglomerates is
much higher in high viscosity matrices as compared to low viscosity matrices. How-
ever, when higher mixing speeds are used, better or equivalent state of MWNT agglom-
erate dispersion was obtained in low viscosity matrices as compared to high viscosity
matrices. Importantly, in this case, the applied shear stress level on the agglomerates
was significantly lower in low melt viscosity matrices as compared to high melt viscos-
ity matrices. When the state of agglomerate dispersion is correlated with the applied
shear stress, the increase in state of dispersion is more pronounced in low viscosity
matrices as compared to high viscosity matrices. The observed results are explained
by the fact that low viscosity matrices have higher mobility of polymer chains and so
they can diffuse or infiltrate to a larger extent into the agglomerates significantly re-
ducing the agglomerate strength. Thus, dispersion is more effective and faster in these
better infiltrated agglomerates.
Based on these experimental results, a model was developed to estimate the strengths
of MWNT agglomerates partially infiltrated by polycarbonates of different molecular
weight. The MWNT agglomerates had an agglomerate strength of 0.28 MPa when in-
filtrated by low viscosity PC whereas the strength increased to approx. 0.5 MPa and
approx. 0.82 MPa when infiltrated by medium and high viscosity matrices. Although
the calculated values may depend on the used MWNT material and the experimental
setup, it is a very important finding that MWNT agglomerates offer less resistance to
dispersion when infiltrated by low viscosity matrices as compared to high viscosity
matrices. The study indicates that the infiltration of MWNT agglomerates by polymer
melts is a crucial step, as well infiltrated MWNT agglomerates disperse faster. Thus,
it can be concluded that better dispersion can be achieved in low viscosity matrices
than in high viscosity matrices if constant shear stresses are regarded. The results in-
dicate the limitations of the traditional view that applying high hydrodynamic stress is
necessary for achieving best filler dispersion.
It is mentioned before that following the step of infiltration, in the dispersion step
the size of agglomerates is reduced desirably up to the smallest dispersable unit, i.e.
single nanotubes. For agglomerate dispersion by the rupture and erosion mechanisms
mainly the applied shear stress is responsible. For investigating these mechanisms, the
kinetics of MWNT agglomerate dispersion during melt compounding was investigated
using a low viscosity grade of polycarbonate with 1 wt% Baytubes C150HP at three
different mixing speeds and at increasing mixing times up to 40 min. It was observed
that the agglomerate dispersion is faster and more complete in composites prepared at
higher mixing speeds than in those prepared at low mixing speeds. It was also found
that larger agglomerates disperse faster than smaller ones.
As mentioned before the larger MWNT agglomerates are made up of smaller ones.
According to the Rumpf equation it was estimated that the larger agglomerates have
agglomerate strengths in the range of 2.7 kPa to 3.9 MPa and the smaller agglomerates
up to 33 MPa. Thus, as large agglomerates need a lower level of applied shear stress
as compared to smaller ones, the dispersion of the larger agglomerates is much faster
as compared to the smaller ones. In melt compounders or extruders shear stresses in
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the range of 33 MPa are usually not realised. Nevertheless, in the optical microscopy
investigations it was found that the numbers of both large and small agglomerates are
reduced considerably during the mixing progress. Thus, it can be assumed that the
larger agglomerates undergo dispersion mainly by rupture mechanism and the smaller
ones with agglomerate strength higher than the applied shear stress in the mixing pro-
cess, undergo dispersion mainly by erosion mechanism.
On the basis of this experimental knowledge a new model was developed based on
first order kinetics to estimate the share of rupture and erosion mechanism during melt
mixing. It was found that under the used experimental conditions and setup, at high
mixing speed dispersion by the rupture mechanism is predominant whereas at lower
mixing speeds the dispersion is governed by both mechanisms. Interestingly, under all
mixing conditions selected no complete dispersion of the Baytubes C150HP material
in the polycarbonate melts could be achieved. This may be related to the very high
agglomerate strength based on the comparatively high packing density or low porosity
of this type of MWNT agglomerates, which is due to the synthesis process applied by
Bayer. For other MWNT materials having lower packing density or higher porosity
the agglomerate strength may be lower, melt infiltration could be faster or to larger
extent and leading to faster dispersion kinetics, so that lower amounts of un-dispersed
agglomerates or complete dispersion could be achieved.
For applications of CNT polymer composites, mainly electrical and mechanical
modifications of the base polymer are aimed. Therefore, next to agglomerate disper-
sion, all composites prepared under different conditions were also investigated con-
cerning their electrical resistivity. Additionally, an extrusion experimental set was de-
signed to study the mechanical properties at different nanotube loadings.
Concerning electrical resistivity of these composites, it was found that in composites
of PC with 1 wt% MWNT, depending on the mixing conditions, variations between
1017 Ohm·cm and 103 Ohm·cm can occur. With increasing mixing energy electrical
resistivity decreases till a certain plateau value, with further increase in the mixing
energy, irrespective of the improvement in the state of dispersion, resistivity cannot
be reduced further. Considering the relationship between dispersion and electrical re-
sistivity a critical behaviour was observed similar to the “electrical percolation”. In a
critical percolation range the resistivity decreases significantly by several orders of
magnitude with improving dispersion. Below and above this percolation range the
influence of the state of nanotube dispersion, as expressed by the agglomerate area
ratio, was found to be only marginal. During compression moulding, the effect of ther-
mal annealing on the resistivity of polycarbonate composites containing 1 wt% and
2 wt% MWNT was investigated. High melt temperature or prolonged heating at low
melt temperature yields composites with low electrical resistivity. For PC with 1 wt%
MWNT content, depending on processing condition a difference in eight orders of
magnitude in resistivity values was observed (1010 to 102 Ohm·cm). Such decrease in
resistivity of composites is attributed to the electrical network formation due to the sec-
ondary agglomeration of previously dispersed nanotubes. Furthermore, the resistivity
of composites produced with low viscosity matrices was found to be lower than those
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produced with high viscosity matrices. As observed in annealing experiments, in low
melt viscosity matrices electrical network formation due to secondary agglomeration
of nanotubes is faster than in high viscosity matrices.
In order to study mechanical properties, polycarbonate composites containing 0.1
wt% to 6 wt% MWNT were produced in a continuous twin screw extruder. Following
conclusions obtained from the results of small scale mixing experiments, extrusion
was performed at high mixing speed (500 rpm) and relatively high melt temperatures
(280◦C-300◦C). by this best possible dispersion was aimed. The extruded material
was subsequently injection moulded into tensile bars using high melt temperatures
and low velocity. In tensile tests, stress at break and strain at break steadily decreased
with increasing MWNT content from 0.1 wt% to 1 wt%, however at higher Baytubes
C150HP contents, up to 6 wt% constant values were found. In contrast to expectations
and previous findings, E modulus and stress at yield did not increase with MWNT
content indicating no reinforcement effect. When comparing the results with those
composites obtained using extrusion with low temperature profile in some other study
([251], 260◦C-280◦C), intrestingly, the strain at break values were considerably higher.
This difference indicates a better filler dispersion in the composites produced at higher
temperature level.
In order to prepare composites free of un-dispersed agglomerate, the addition
of additives aimed to help in wetting and infiltration of agglomerates was investi-
gated. Pre-infiltrating MWNT agglomerates with Tween R© 40 (Polyoxyethylenesor-
bitan monopalmitate) could significantly improve the state of agglomerate dispersion
after melt mixing. For this purpose 2 wt% MWNT were pre-infiltrated with 10 wt% of
Tween 40 to produce PA 12 composites. The dispersion of agglomerates was observed
to be dramatically improved. Furthermore, when stearic acid was used as an additive
in PC-MWNT composites, the electrical resistivity of the injection moulded compos-
ites was strongly reduced. Thus, using additives can be very helpful in obtaining better
dispersion as well as improved electrical properties.
It can be concluded from the presented studies that if MWNT agglomerates are infil-
trated they can be well dispersed in the matrix. In this regard using low melt viscosity
polymer matrices and applying high shear rates during melt mixing can be very useful.
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The presented dissertation is focused on analysing the dispersion of MWNT agglom-
erates in polymer melts thereby as a model system, polycarbonate MWNT composites
were investigated. The experimental results of the presented work helped in under-
standing basic mechanisms during melt mixing, however there are remaining open
questions which are realised to be important to address as a continuation of this work.
They are as following:
1. Although in the presented work the very important aspects of filler dispersion
were investigated, complete dispersion of the nanotube agglomerates as used in
the study was not achieved in the frame of given experimental setup. To obtain
complete dispersion it is proposed to apply modified experimental conditions.
These can be based on tendencies about the influence of processing conditions
obtained in this work in combination with the selection of a suitable setup of the
high mixing speed extruder.
2. To gain a deeper understanding about the dispersion of MWNT agglomerates, it
appears to be important to study the dispersion of MWNT agglomerates during
melt compounding in different polymer matrices like polyethylene, polyamides
etc. In literature several examples as in [117–126, 210–215] could be found
where composites are produced using different polymers and quite different re-
sults were reported concerning the achieved state of nanotube dispersion. How-
ever, a comparative study is necessary where similar melt mixing conditions
concerning the applied shear stresses are used. From the gained deeper under-
standing of interactions between different polymers and CNT, it may be possible
to produce composites with improved state of MWNT agglomerate dispersion.
In literature as in [232, 233], for certain polymers it is claimed that the cation -
pi interactions between polymer chains and the MWNT surface due to the over-
lap of electron clouds in benzene ring can be crucial to achieve good dispersion
or anchor the tubes with the matrix. This finding needs to be verified, for in-
stance by extensively and systematically investigating dispersion of MWNT in
such polymers and their mechanical properties. If such interactions exist they
could be useful for efficiently dispersing the tubes or producing composites with
improved mechanical properties.
Further, the effect of semi-crystallinity of some polymers on MWNT agglomer-
ate dispersion and electrical properties needs to be investigated.
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3. By using the masterbatch dilution method generally composites with better dis-
persion can be obtained. However, systematic investigations such as to study the
effect of melt viscosity of masterbatches and diluting polymers as well as vari-
ations in processing parameters on the dispersion of MWNT agglomerates will
be useful for commercial composite production.
4. It was observed that the application of additives can be helpful in producing com-
posites with improved MWNT dispersion or composite properties. The effects
can be based on different mechanisms between nanotubes and polymer. Addi-
tives can lower the interfacial energy or increase the polymer chain mobility
suitable for better polymer infiltration into primary agglomerates or react with
both MWNT and matrices, all leading to improvement in dispersion of MWNT
agglomerates. In this regard further investigations have to be done to find appro-
priate additives for promoting dispersion of MWNT in different polymers based
on the nanotube and polymer characteristics.
5. To analyse dispersion mechanisms, kinetics of agglomerate dispersion was in-
vestigated using a discontinuous microcompounder. It will be interesting to in-
vestigate the described dispersion mechanisms using a continuous extruder and
to calculate the contribution of rupture and erosion by studying kinetics of ag-
glomerate dispersion.
6. In the presented work a specific type of agglomerated MWNT material (Bay-
tubes C150HP) was used for the investigations and the obtained results are gen-
eral and applicable to all type of MWNT material and other fillers. However,
MWNT material from different producers (for e.g. Nanocyl, FutureCarbon, Hy-
perion) have different agglomerate characteristics and sub-structures. The dis-
persion kinetics of different nanotube material should be investigated following
the similar experimental conditions as used in this work. The outcome from such
a study will be helpful in evaluating the effect of different agglomerate character-
istics such as porosity, nanotube diameter, sub-structures etc. on dispersion. Such
investigations can be useful for producing nanotubes with better dispersability.
7. Few un-dispersed agglomerates were found to be detrimental for mechanical
properties of injection moulded composite bars. With regard to the improvement
in properties of final composite parts, it will be important to investigate what
size of un-dispersed primary agglomerates is acceptable as far as mechanical
properties are concerned. Further, it is also necessary to find if there is an optimal
loading content of MWNT in polymers for improved mechanical performance
of the composite material.
8. The electrical resistivity of the produced composites can be drastically reduced
if the dispersed tubes are allowed to form a network of secondary agglomerates.
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It will be interesting to continue the studies on the kinetics of such secondary ag-
glomeration. Additionally, the influence of melt viscosity and melt temperature
on filler network formation should be extensively investigated.
It is said that “science takes its own course to solve the old problems and to find
the new ones”, it is just the matter of time when the above stated problems will be
solved. . . and we will have the new ones.
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• Appendix- 8.1
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• Appendix- 8.4
Calculation of MWNT agglomerate strength
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Appendix 8.1: Viscosity shear rate data of polycarbonate
Figure 8.1: Viscosity shear rate date of Makrolon 2205
Figure 8.2: Viscosity shear rate date of Makrolon 2600
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Figure 8.3: Viscosity shear rate date of Makrolon 3108
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Figure 8.4: Comparison of viscosities of polycarbonates at 280◦C
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Appendix 8.2: Estimation of MWNT agglomerate porosity
The packing density and thus the porosity of the MWNT agglomerates were deter-
mined in the following way:
An aluminium cup was filled with the MWNT-powder and vacuum infiltrated with
an epoxy resin. After curing the volume fraction of MWNT agglomerates VA has been
estimated by means of thin sections (due to large mean size of the primary agglomer-
ates the area fraction is roughly equal to the volume fraction). With the known masses
of epoxy and MWNT as well as the densities, the corresponding MWNT volume frac-
tion of the infiltrated material Vim has been calculated. The packing density is given
by the ratio of Vim and VA. For Baytubes C150HP, the average agglomerate porosity 
is calculated as 0.85. For procedural details see Ref. [116].
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Appendix 8.3: Calculation of MWNT agglomerate density
A polymer composite is a mixture of polymer and MWNT. The total weight of the
composite is the sum of the weights of polymer and MWNT.
mtotal = mMWNT +mPolymer (8.1)
Similarly, the total volume of the composite is the sum of the volumes of polymer
and MWNT.
Vtotal = VMWNT + VPolymer (8.2)
The density of any material is dependent on its mass and volume.
ρtotal =
mtotal
Vtotal
(8.3)
The above equation 8.3 could be written as:
ρtotal =
mtotal
VMWNT + VPolymer
(8.4)
Therefore,
ρtotal =
mtotal
mMWNT
ρMWNT
+
mPolymer
ρPolymer
(8.5)
On rearranging above equation 8.5, we obtain:
1
ρtotal
=
mMWNT
ρMWNTmtotal
+
mPolymer
ρPolymermtotal
(8.6)
The above equation is of the type y = m · x+ c. Thus, plotting 1
ρtotal
versus MWNT
content as in Fig. 5.26, the density of MWNT can be calculated.
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Appendix 8.4: Calculation of MWNT agglomerate strength
Agglomerate strength or cohesive strength, σ, of agglomerates are calculated using
Rumpf equation (equation 2.4 and 2.5). This equation states that the cohesive strength
of the agglomerates depends on the size of the particles forming the agglomerates.
a) Rumpf equation for convex shaped particles:
σ = (1− )kF
A
(8.7)
For all spherical shaped particles, above equation is modified as:
σ =
(1− )

F
a2
(8.8)
where, σ is the agglomerate strength,  is the porosity, F represents the adhesive
forces which in case of dry agglomerates are predominantly the Van der Waals forces
between the particles, a is the diameter of particles forming the agglomerates, k is the
coordination number of particles forming the agglomerate, and A is the surface area
(of particles forming agglomerates) and is 2pi*R*L (for rods).
b) Van der Waals forces between two spheres (equation 2.1) and rods/cylinders
(equation 2.2) near to touching from ref. [14]:
Fsphere =
−H
6D2
(
R1R2
R1 +R2
) (8.9)
Fcylinder =
−HL
8
√
2D5/2
(
R1R2
R1 +R2
)1/2 (8.10)
Here, H is Hamaker’s constant of MWNT (60 E-20 J [258]), D is inter particle dis-
tance (assumed 0.4 nm (inter graphite layer separation)), L is length of particle, R is
radius of particle (in this calculations, R1 = R2 = R),  is porosity of MWNT agglomer-
ate (0.85, measurement and calculation explained below), and k is coordination number
(10 for rigid rods with an aspect ratio of 100 and packed with maximum density [259],
for flexible fibres/MWNT coordination number values might be much larger).
c) Agglomerate strength (σ) of smaller agglomerates (1-10 µm), made up by indi-
vidual tubes, is calculated using equation 8.7 and 8.10. Here, using R = 7 nm (radius
of nanotube) and L = 1-10 µm (length of nanotube) [247] leads to σ = 33.4 MPa.
Agglomerate strength (σ) of larger agglomerates (above 10 µm), consisting of cylin-
drical shaped smaller agglomerates; is calculated by applying equation 8.7 and 8.10.
Here, R = 0.5 - 5 µm (radius of smaller agglomerates, assumed) and L = 1 - 10 µm
(length of smaller agglomerates, assumed) leads to σ = 1.25 - 3.9 MPa.
Agglomerate strength (σ) of larger agglomerates (above 10 µm), consisting of spher-
ical shaped smaller agglomerates; is calculated by applying equation 8.8 and 8.9.
Here, a = 1 -10 µm (diameter of smaller agglomerates, assumed) and R = 0.5 - 5 µm
(radius of smaller agglomerates) and leads to σ = 2.75 - 27.5 kPa.
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Depending upon arrangements s of large agglomerates can vary between 2.75 kPa
and 3.9 MPa.
[Remark: All calculated values of MWNT agglomerate strength are 10 times lower
if Hamaker constant of MWNT is taken as 60 E-21 J [116] (similar to activated carbon
[260]).
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